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PREFACE 


Stress is an adaptive response, that has developed throughout evolution, and is associated 
with multiple changes in the biochemistry, histology and physiology of an organism. As 
stress may induce or contribute to multiple neuropsychiatric disorders, the rigorous 
investigation of the neural substrates of stress has become a critical endeavor of contemporary 
biomedical science. In addition to studying physiological responses, stress researchers have 
attempted to assess stress-evoked behavioral changes, using both human and animal 
“experimental” models | in clinical ane non-clinical gate Though all aspects of the field 
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the chick separation-stress paradigm, in which young domestic ee 
conspecifics, leading to a number of stress behaviors, including distress vocalizations =o 
behavioral parameter that is highly sensitive to anxiety. This chapter shows that, in addition to 
construct, face and predictive validity, the chick separation-stress paradigm is more efficient 
than traditional rodent models because it requires smaller quantities of drugs. measures 
species-typical behaviors (vocalizations) that can be automatically recorded over a relatively 
short test period, allows for mu 


Itiple animals to be tested simultaneously in the presence of a 
single experimenter, and because chicks are inexpens! 


ive to purchase and maintain. 
Importantly, this model is also relevant to depression domain, allowing the researchers to use 
this paradigm to sequentially model anxiety- and depressive-like states, as well as 
simultaneously profile anxiolytic or anxiolytic/antidepressant activity of drug compounds. 
iS yithres since models dominated experimental neuroscience of stress, at odds 
rhe a seed eee phenotypes. To alleviate this deficit, the field clearly 
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Animal models, as a research tool, are formed in a variety of ways. For example, the use 


of acute and chronic stress has long been used to model complex neuropsychiatric research. 
In her chapter, Strekalova examines the utility of chronic stress in modeling depression-like 
behaviors, and discusses validity and methodological limitations of anhedonia-based 
behavioral paradigms. The author summarizes her recent data on modifying this model [20, 
22] in order to overcome the existing conceptual and methodological problems by providing 
an internal control for stress effects unrelated to depression. The chapter also describes a 
substantially modified protocol for the mouse sucrose test that aims to diminish the impact of 
physiological and physical artifacts, increase the model’s accuracy, and detect inter-individual 
differences in sucrose preference within the experimental groups. As_ stress-induced 
hyperlocomotion interfered with all mouse behaviors, including depressive-like behaviors 
[21, 22], the use of behavioral protocols with reduced stress impact of testing conditions 
precluded this confounding factor, enabling a better focus on behavioral correlates of 
anhedonia in chronically stressed mice. Application of these methodological improvements 
confirmed that neurobiological correlates of stress-induced anhedonia and chronic stress are 
different, and that anhedonia per se (rather than chronic stress alone) is indeed associated with 
key pathological alterations, typical for depression. These results also show that, similar to a 
human population, mice display inter-individual variability in the vulnerability to a 
depressive-like state, which is predicted by subdominant social traits. The author further 
ant drugs reduces hedonic deficits and 
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Chapter I 


STUDYING BEHAVIOR IN STRESS RESEARCH — 
NOT AS EASY AS ONE WOULD THINK 


Roza Czabak-Garbacz 
Department of Human Physiology of Medical University in Lublin, Poland 
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1. genetic: altered gene expression [92, 159], expression of immediate early gene products: 


zenk-protein, c-Fos [96, 142]; changes in RNA concentration; : 
2. histological: altered structure of tissues or organs — such as density and type of cells [148, 


180], number [167, 168], size, shape and structure of cells, their organelles and molecules 
(e.g. receptors [70, 131]): 
- 3. biochemical: cell or tissue metabolism, synthesis, release and utilization of hormones [21, 
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Studying Behavior in Stress Research - Not as Eas 
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INVESTIGATIONS OF STRESS AND BEHAVIOR 
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The emotional, physical and behavioral symptoms of stress are intimately linked [1 15]. 
Therefore, many researchers combine behavioral methods in their studies [43, 49] with 
biochemical [122], genetic, physical [47] and histological measurements to complement and 
parallel their findings. Behavioral endpoints are as important as genetic or neurochemical 
results [82], even if they are limited to a few measures. 

In order to study the effects of stress on behavior, contemporary science has applied two 
main methods of investigation: using observations of stressful situations in normal life or in 
conditions created by scientists (Table 1). In general, experiments are a better tool for 
research because they have higher velocity, improved replication potential, lower expense and 
superior control over the time, place, situation, subject number and features (strain, genotype, 
age, sex, length and weight). Collectively, this allows researchers a greater degree of control 
to manipulate experimental variables according to their needs. 


Table 1. The comparison of two main methods of stress investigation. 
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Studying Behavior in Stress Research - Not as Easy 
erence 


Using animals instead of healthy human subjects can markedly foster stress research. ee 
instance, experiments conducted on animals have fewer ethical problems (e.g. pain and, ae 
negative influences), especially in cases that involve investigations of new methods/drugs 
with unknown mechanisms and/or side effects, and in studies that entail obvious harmful 
effects. In human studies, these circumstances can additionally have grave financial 
consequences in the form of lawsuit liabilities and insurance costs. Examples of such 
procedures include X-ray radiation, magnetic field, oxidative stress [97, 135], electromagnetic 
waves [134, 136], ischemia and hypoxia, lesions of glands or brain structures [1 13, 139], high 
voltage electric current [113], and direct microinjection of chemicals (e.g. ibotenic acid [139]) 
intracerebroventricularly [183, 184] or into brain tissue [13, 105]. In addition to behavioral 
observation, animal studies also give the possibility to directly evaluate the processes of the 
central nervous system (e.g. by measuring brain mediator levels, or with the use of implanted 
electrodes [87]). The use of animals can also allow researchers to asses the weight and 
structure of particular organs such as adrenal glands [30, 103], a task that would be 
impossible in human subjects. 

Due to the benefits of using non-human subjects in stress research, animals are often used 
to mimic human pathologies. Notably, many anxiolytic and antidepressant drugs that have no 
influence on the behavior of healthy people will affect sick humans and experimental animals. 
As will be seen in this book, there are many well-developed animal models and testing 
paradigms that enable a reliable extrapolation of results from animal research into the field of 
human care. The availability of these experimental animals paired with the validated 
paradigms alleviates the challenge of forming large enough grou 
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CDI(ICR)BR, C3H/Hed, CSTBLIG (54, 83], coloboma 1 . 
[32], MF1 [78], NMRI [83, 84], st-Austin les Elbeuf, Swiss- Webster, and TNC-deficient 


[121] mice. : : 
‘As mentioned previously, stress studies are often conducted using other species besides 
mice. For example, many experiments have been conducted in rats (18, 113], such as Brown 


Norway, Fischer [106, 157], Janvier, Lewis, Lister Hooded, Long-Evans [69, 172], PVG 
Black Hooded, Maudsley [99], OXYS [97], Sprague-Dawley [8. 86], Wag/Rij, Wag/GSTO 
and Wistar (97, 99]. Other rodents, like guinea pigs [89, 105], gerbils [147, 153], hamsters 
[37, 96], degus [71] and rabbits (44, 151] are used less frequently, though they still play an 
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SE eee nadernet Semen se 
instinct to protect both the self and offspring [182], thereby maximizing the chances for 
survival [133]. Nurturing the young also causes changes in female social relations. For 
example, the formation of female networks that defend the group have been observed. 
Females have an inhibition of the fight or flight reactions caused, in part, by stronger 
activation of the parasympathetic nervous system [118], hyperactivity of corticotropin- 
realizing factor signaling in the brain and gut [179] and greater hormone release (e.g. opioid 
peptides and oxytocin [148, 181]). 

Prior to 1995, most animal models of stress were validated for males. In fact, at that time 
they constituted more than 80% of utilized experimental animals. However, in the years since 
then, the imbalance involving the dominance of males as study objects and gender bias has 
been diminished. Although more and more studies are currently performed in both females 
and males [54, 175], there remain some groups who continue to perform investigations solely 
on males [113, 179] despite gender-specific hormonal fluctuations that underlie interesting 
differences in anxiety levels and stress responses [1, 32, 59, 71, 95, 133, 172, 200]. 
Importantly, humans have similar behavioral sex differences in the domains of stress 
sensitivity [35, 46, 59, 107, 156, 187, 200], coping strategies [32, 46] and stress-evoked 
morbidity [26, 55, 74, 178, 196]. For example, a woman’s reaction in stressful situations, to 
some extent, results from her social roles [3, 14, 35, 137, 150, 154, 187], and physiological 
status (e.g. pregnancy, breastfeeding). 

Differences in behavioral symptoms and reactions to stress could also be associated with 


~ age [47, 79, 115]. Enhanced stress responsiveness [101] stress occur 


in younger subjects [93, 187]. However, in to stress 


Roza Czabak Garbac¢ 
x ie 
8 . enovestiol 
re are ] 
ior 166 [here 
88] i nd behaviol LD, | — 
' en a mce ali adaf 


th . pel forme 
ynce C 


pituitary -adrenal ax te tel 
intense prenatal stress can enh 

1 the progeny [27]. 

1 behavior 
al features. 
ate individua 
a decrease in th 


orrect group formation a 


es of stress isc a | 
reat different e in str 


responses il 
i£ 


An import 
nject’s individt 
ant and subordin 
d due to 
es, while subordin 


al studi 
Phere exists < 
Is [53]. In mice, 
e caloric efficiency 
e of increased fat intake 


ant factor 1 
sh 


dominant animals weig 


1al soci 
and ingestion of 


the sut 
between dominé 
the end of the stress perio 


calories from carbohydrat 


ates are heavier becaus 

i “hi ressors 93). ly 
more dominant subjects cope better with social stressors [193]. Ir 
feeding behavior in environment also move less in 
do not differ greatly from 
d humans [163], especially in 


[120]. In pigs, the larger, 
salmon, the fish that readily resume 

the acute stress test [133]. Notably, people 
For example, stress may stimulate eating disorders in predispose 
perfectionist personality types [158], thus, making parallels with 


a new 
animals in this matter 


animal models even more 


important. 
Housing conditions have a great impact on the results of 
Especially important are the number of animals kept in the same cage, as well as its size. It 
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pretest, if necessary, experimental animals before the experimentation. Such procedures are 
not difficult to perform, and they could exclude the difficulties in interpretation of pied 
data, especially in studies with small groups that consist of individuals with high phenotypica 


variability. 


CONCLUSION 


Clearly, a thoughtful and balanced approach is needed to further advance animal 


experimentation in the field of stress research. Constant development of animal models and 
their modification is an important part of behavioral neuroscience, as it allows researchers to 
assess the behavioral phenotypes of mutant or transgenic animals [62, 186], find candidate 
genes for human behavioral disorders [39], dissect the neurobiological mechanisms of brain 
pathogenesis [82, 116] and test various drugs [44, 198]. It is obvious that every experimental 
model of stress has its own advantages and disadvantages, and may lead to new important 
findings. However, we must remember that the data can be influenced by many additional 
factors, some of which have been summarized here. Therefore, by using precise descriptions 
of their methods, researchers could reduce inner and inter-laboratory variability [38, 190, 
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; _ - ; 5 coe st seems to be 
varying potencies [25-28], the predictive validity of the rat social interaction test seems 10 


limited in that it appears only sensitive to anxiolytics of this class | 11]. 
Another unconditioned animal model of anxiety is the elevated plus maze. In this model, 
rats are allowed to freely explore a plus-shaped apparatus consisting of two open and two 
closed arms. As the open arms are considered more anxiety-provoking [29, 30], animals tend 
to spend more time exploring the closed arms. Anxiolytic agents are predicted to increase the 
amount of activity (i.e., amount of time and/or number of crossings) in the open arms of the 
maze [31, 32]. Similar to the rat social interaction test, research has indicated that this model 
is a valid model of anxiety both behaviorally and physiologically [32, 33]. Furthermore, the 
elevated plus maze has also demonstrated predictive validity in that a variety of 
benzodiazepine anxiolytics have been shown to increase open arm activity, while non- 
anxiolytic agents have no such effect [31-36]. It is also one of few bidirectional tests in that it 
is also sensitive to anxiogenic agents (i.e., a reduction in time spent/number of open arm 
entries) [5, 33]. Although the elevated plus maze is economical in terms of time and effort, it 
is somewhat problematic in that it tends to produce a large amount of variance, leading to an 
inability to determine fine-gained drug effects (e.g., dose-dependent effects) [5]. Moreover, 
like the rat social interaction test, the pharmacological validity of this model may be limited, 

in that it only appears sensitive to anxiolytics of the benzodiazepine class [14]. 
A different class of unconditioned animal models of anxiety involves the separation of 
infant animals from their mother or littermates. This isolation manipulation can lead to a 
eactions such as an elevation of blood pressure [37] 
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‘nduced analgesia). Finally, in addition to body temperature and DVocs converging to form a 

construct of isolation stress, while footlift frequency, duration and number of pecks formed an 

inflammatory nociception measure, the relationship between these two constructs was 

curvilinear. That is, the inverted U-shaped relationship between the stress and inflammatory 

nociception behaviors not only support the presumed effects of stress on nociceptive 

apn (i-e;, stress-induced analgesia), but also suggests that these behavioral clusters can 
e utilized as valid indices of stress in the chick separation-stress paradigm. 
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Table 2. Sorted oblique principal components loadings. 


SESS ae eee eS 
Component 


Distress Vocalizations 

Ventral Recumbency Latency 

Footlift Frequency 

Footlift Duration 

Foot peck Frequency 

Body Temperature 19 58 

Body Weight -11 00 
Decimal places omitted. Highest component loadings for each variable in bold (n = 64). Adapted from 
[54]. 


Following the validation of these behaviors, two studies [59, 60] examined the predictive 
validity of the chick separation-stress paradigm by assessing the sensitivity of the model to 
the benzodiazepine anxiolytic chlordiazepoxide. Similar to the Sufka and Weed [54] study, 
isolated chicks displayed an elevation in DVocs (Figures 1A and 2A) and fewer formalin- 
induced pain-related behaviors [i.e., stress-induced analgesia, as indexed by a composite pain 
z-score score derived from footlift frequency, duration and number of pecks (Figure 1B) or 
footlights alone (Figure 2B)] than non-isolated/social chicks. Additionally, chlordiazepoxide 
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Another criterion required for an animal model to demonstrate predictive valid Spo: 
it should respond to all classes of drugs that are clinically effective for treating the disor wd 
One drug class that has not been extensively examined in chick separation-stress aoe * 
antidepressants. Clinical research indicates that antidepressants, especially when r epeated J 
administered, are often more robust for treating anxiety disorders than traditional anxiolytics 
[77-79]. Despite their clinical efficacy, few animal models are sensitive to these agents [22], a 
finding that may be due to procedures limited to acute administrations. To address this issue, 
Feltenstein and Sufka [80] examined the sensitivity of the model to the monoamine oxidase 
inhibitor phenelzine (Figure 7A), the tricyclic antidepressant imipramine (Figure 7B), the 
selective serotonin reuptake inhibitor citalopram (Figure 8A) and the norepinephrine reuptake 
inhibitor maprotiline (Figure 8B) under acute (no pretreatment), subchronic (3 days 
pretreatment) or chronic (6 days pretreatment) administration procedures. Following any 
pretreatment, eight-day-old chicks received their respective vehicle or drug probe injection 
intraperitoneally 15 min prior to a 180 sec test session. Unlike a large number of traditional 
rodent models of anxiety [22], the model demonstrated sensitivity to acutely administered 
phenelzine, imipramine and maprotiline, but not citalopram, and retained its sensitivity to 
these drug probes across both repeated administration procedures. Although its sensitivity to 
antidepressants that generally require repeated administration to demonstrate activity may 
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possessed predictive validity, in that a wide variety of antidepressant drugs reversed this state 
(ie., an increase in DVocs), whereas compounds lacking antidepressant activity did not [97]. 
These results, along with previous research utilizing the chick separation-stress paradigm as 
an animal model of anxiety, suggests that the isolation of domestic fowl may sequentially 
model the two clinical states of anxiety and depression vis-a-vis the anxiety-depression 
continuum hypothesis. To test this hypothesis, DVoes from isolated chicks were collected in 
5 min blocks across a 2 h test session [101]. It was hypothesized that DVocs would be highest 
early in the test session, decline and then stabilize at a much lower rate in the latter half of the 
test session. To further dissociate putative anxiety- and depressive-like phases of the DVocs 
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the adoption of domestic fowl models as a supplement to traditional rodent models. Thus, the 
chick separation-stress and anxiety-depression continuum models should continue to provide 
4 means by which new drug candidates may be evaluated for the treatment of anxiety and 
depression. 
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McKinney and Bunney’s Perspective 
pharmacology; animal models have been primarily 
i 9) 
evaluated in two ways, their ability to simulate psychopathology (e.g., [1, 3, 29, 42]) or their 
ability to detect the activity of certain drug classes (€.8-. (60, 71]). As drug screening was 
primarily conducted as an industrial enterprise peripheral to academia, most animal model 
teria [34]. The first, and most influential, of 


critiques have centered around simulation cri 
these animal model critiques was developed by McKinney and Bunney [42]. They called for a 


neo-Kraepelian styled approach to the evaluation of how effectively animal models represent 
the: a) etiology, b) symptomatology, c) physiological basis, and d) treatment of a human 
psychopathological condition [42]. This approach fared well in the literature as many 
subsequent animal model critiques have used some variati i iteri 
on of these g 
riaracdocnine evaluation criteria (¢.g.. 
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Willner’s Perspective 


Building on th i : 

wtigue on esate undation of McKinney and Bunney [42], Willner [79-81] presented 
introduced two important concepts. First, Willner argued thal 
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in which an animal model is employed necessitates which type of validity is important. 
pharmacological screens are characterized as industrial models with the sole purpose of 
determining whether a drug produces an effect. Due to this singular purpose, neither the 
behavioral changes nor the experimental paradigm necessarily need to mimic any aspect of 
the psychopathological condition (e.g., muricide antidepressant model, [80]). Thus, for a 
pharmacological screening assay, predictive validity is the only type of validity that matters 
(i.e., the ability to test a specific structurally- or functionally-based drug class without false 
positives or negatives). Biobehavioral assays utilize the behavior of an animal as information 
about an underlying biological event (e.g., brain functioning, neurochemical processes, etc.). 
The lone evaluative criteria a biobehavioral assay should seek is to attain its accuracy in 
reporting of underlying physiological events. A simulation is the complete model of a 
psychopathological condition [80, $1]. This is the only type of animal model that requires the 
evaluation of face, predictive and construct validity. 


Van der Staay’s Perspective 


Following Willner’s [79-81] critique, theorists began to argue about the importance of 
each type of validity for simulations of psychopathology [14, 36, 61, 73, 79-81]. Most authors 
have agreed that each validity type is not of equal value [14, 36, 61, 73]. For example, face _ 
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heart rate, increased blood pressure, and corticosteroid release. 

Pharmacological sensitivity will be evaluated by the demonstration that all clinical) 


effective drug classes for a specific human anxiety disorder are efficacious within the mode! 
The pharmacological treatment of anxiety disorders has gone through major changes over the 
last 20 years [70]. Many of the compounds previously utilized to validate simulations and 
pharmacological screens (e.g., barbiturates and meprobamate) are no longer used in the 
treatment of anxiety disorders [55]. Therefore, even though many of the reviewed models can 
screen these drugs, they will not be considered in the chapter. Table 1 displays the clinically- 
oR drugs that are considered to be effective in treating generalized anxiety disorder, 
: | — sete post-traumatic stress disorder, obsessive-compulsive disorder, and phobic 
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Another issue that was offered by Willner that will be considered is a model’s utility. 
Willner [80] contends that animal models, in addition to having scientific integrity, should be 
“cheap, simple and reliable” (p. 6). If a model accomplishes all of these goals, it is said to 
have high utility. Thus, animals should have low purchase costs, not incur high per diem 
charges due to long required time in laboratory housing, and the paradigm should not be labor 
intensive. As judgments of a paradigm’s utility must be based on comparative assessments, 
evidence of a paradigm’s utility will rely on comparisons to the historical mainstay of animal 
research which is conditioning experiments using rats. Thus, if a paradigm allows the use of 
mice, or other species less expensive to purchase, does not require time-intensive animal 
training prior to testing, and can employ automated testing procedures it would be said to 
have high utility. 


Table 2. Animal model simulation evaluation outcome. 
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Medicine Gateway literature database (conducted on April 29, 2 ). socia teraction 
and elevated-plus maze models were chosen based on their peeehetuing citation rates, 
While the open field model was the third most cited, it was not included in this chapter due to 
it and the elevated-plus maze being tests of anxiety to novelty [57]. Both of these mo ii ice 
designed to manipulate a rodent® of open areas [57]. Because of this exclusion, the third 
and fourth models chosen were the startle response and the Vogel conflict model, 
respectively. The animal model developed in this lab was the chick separation stress 


paradigm. 
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and symptoms in the presence of a potentially threatening stimulus, the model achieves the 
criteria of etiological homology. 

Unlike sign and symptom homology and etiological homology, the criterion of 
pharmacological sensitivity is not as easily attained in the model. This criterion is not fully 
attained due to the model’s unreliable screening of one drug class used to treat phobic 
disorder. Benzodiazepines have been screened extensively within the model with good 
success [12, 22]. Additionally, these compounds are efficacious at doses similar to human 
pharmacotherapy. However, the efficacy of high-potency benzodiazepines has been 
equivocal; some have screened successfully (e.g., flunitazepam, [32]) and some have failed to 
produce an effect (e.g., triazolam, [20]). The potential for screening benzodiazepines is 
enhanced by the model demonstrating some pharmacological specificity as it demonstrates 
anxiogenic effects to anxiety producing compounds (e.g., amphetamine and caffeine, [23]). 
Thus, the criterion of pharmacological sensitivity are only partially met for simulation 
models. 

The social interaction model is a high utility paradigm as it possesses attributes that 
reduce the economic and labor cost of conducting an experiment. Specifically, the model 
allows the use of mice instead of rats, requires one short (i.e., 10 minute) test session, uses a 
simple non-technological apparatus, and employs a simple observational measurements. The 
paradigm only partially achieves the 3 R criteria as the model only possesses a refined 
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allows the use of mice instead of rats, requires one short (1.€., 5-10 minute) test session, uses g 


simple non-technological apparatus, and employs a simple observational measurements. The 
paradigm only partially achieves the 3 R criteria as the model only possesses a refined 
methodology. That is, animals are only tested once for a short test session, thus minimizing 
the amount of pain and distress a subject experiences compared to anxiety models that use 
several conditioning sessions. The other two R’s, reduce and replace, are not met because the 
model uses mammalian subjects in sample sizes similar to that of other anxiety models. 


Startle Response 
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designed pais Nee rae agua animal models of anxiety [7]. This model was 
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model, imipramine (acute and chronic administration) has shown not to be effective [10], 
while studies using MAO-I’s have not been published [4]. The drug classes that have been 
effective in the model have been benzodiazepines (e.g., chlordiazepoxide, [35]), high-potency 
benzodiazepines (e.g., alprazolam, [35]), and serotonergic anxiolytics (e.g., buspirone, [37]). 
This specific cluster of effective pharmacological treatments is not found across the major 
anxiety disorders (see Table 1). 

Similar to the model’s performance on the criteria of pharmacological sensitivity, the 
startle response does not possess high utility. There are two primary features of this paradigm 
that cause problems with utility. First, the model requires multiple training and testing 
sessions that occur over multiple days. This leads to additional per diem charges for the 
animals and more labor needed to complete a study. Second, it requires a technological 
apparatus that delivers stimuli and measures responses accurately which also increases the 
cost to conduct an experiment. 

In addition to utility, the startle response model also performs poorly on the 3 R’s criteria. 
The model makes no attempt to reduce, or replace, the number of purpose-bred rodents 
tested. And, compared to other models reviewed in this chapter, it clearly does not possess 
refined methodology that minimizes the pain and distress experienced by an animal. In fact, 
the model depends on multiple training sessions in which a subject is electrically shocked. 


Vogel Conflict 


The Vogel conflict model was developed as a simple alternative to previously establishec 
conditioning-based anxiety models [74]. In this model, animals are deprived of water 8-48 
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Chick Separation Stress Paradigm 


Infants of many species display @ distress ae a, ” 4 
attached (e.g., mother, parents, or conspecifics; [9, 31, , 67)). y> on the 
separation distress response has led to many theories about psychopatho ogy, development, 
and personality (e.g., [5]). One of the species in which the separation distress response has 
been widely studied has been the young domestic fowl (e.g., [38, 50, 51, 66, 76]). Similar to 
other species, the domestic fowl’s separation distress response is characterized by: increased 
vocalizations (or distress vocalizations; DVocs), hyperthermia, stress induced analgesia, and 
increased corticosterone [17, 69]. Sufka and colleagues utilized this species’ separation 
response to develop an anxiety model named the chick separation-stress paradigm (SSP). The 
chick SSP has been primarily used in this laboratory as a pharmacological screen [16, 19, 63, 
68] and a biobehavioral assay of opiate functioning [67, 76]. 

Prides the chick SSP has undergone some experimental modifications since its 
pment (see [15]), the core set of procedures have remained th i 
seven-da’ . ; e same. In the chick SSP. 
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presence of a potentially threatening stimulus, the model achieves the criteria of etiological 
homology. 

The chick SSP has also effectively demonstrated its possession of treatment similarity. 
As would be expected if the model simulates situationally-bound panic disorder, the chick 
ssp successfully screens high-potency benzodiazepines [77, 78], benzodiazepines [19], 
tricyclic antidepressants (imipramine: [18, 19, 77]; maprotiline: [18]) and an MAO-I 
(phenelzine: [18, 77]) at doses similar to human treatment [18, 19, 77, 78], while failing to 
screen scopalamine, caffeine, chlorpromazine, haloperidol [19], buspirone [19, 77\, and 
trazodone [77]. Additionally, the chick SSP fails to screen fluoxetine [77]; a drug used 
clinically for the treatment of panic disorder [26, 43, 44] that is ineffective in the treatment of 
situationally-bound panic disorder [72]. Based on the chick SSP successfully screening the 
appropriate drugs at the appropriate doses, this model achieves the criteria of pharmacological 
sensitivity. 

The chick SSP is a high utility model as it possesses attributes that reduce the economic 
and labor cost of conducting an experiment. Specifically, the model allows the use of a low- 
cost animal ($0.50 a chick, [56]), requires one short (i.e., 3 minute) test session, uses an 
apparatus that allows high-throughput screening (i.e., up to 6 chicks per test session), and 
employs a simple observational measurements. Additionally, the model also fully achieves 
the 3 R’s criterion. The model reduces and replaces the number of purpose-bred research 
animals with a non-purpose bred phylogenetically lower species. Additionally, the model has 
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The startle response model failed to achieve the pharmacological sensitivity criterion due t, 
the model failing to screen one of the drugs within the treatment profile of the simulate, 
anxiety disorder. Additionally, this model detected drugs that were not within the treatmen; 
profile of the simulated syndrome. Similarly, the Vogel conflict model failed to achieve the 
pharmacological sensitivity criterion due to the model detecting drugs that were not within 
the treatment profile of the simulated syndrome. 

It should be noted that failing to achieve the criterion of pharmacological sensitivity may 
harm the validity of a model as a simulation but not the function of the model ws 
pharmacological screening assay. For example, the startle response model and Vogel conflict 
model do not achieve the pharmacological sensitivity criteria as simulations because they fail 
ack pm dee treatment profile. However, both of these models have the 
aatcenente ae different Sees of anxiolytics. For a researcher considering the 
array of pharmacological classes (ie, benzodiazepi nes the ability to detect the broadest 
tricyclics, and MAOIs) and the social interacti azepines, high-potency benzodiazepines. 
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of PTSD. Hopefully, such uses of animal model evaluations will aid in the development of 
new animal models and the proper employment of those already developed. 
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although substantially less complex than it’s human counterpars 
Consistent with this interpretation, repeated exposures to t 


he OFT environment yield 

reductions in both defection and avoidance of the central (anxiogenic) areas [77]; that is a 
habituation towards the anxiogenic environment. Furthermore, comparable neuroanatomical 
structures appear to be involved in rodent OFT performance and human emotionality [5], and 
pharmacological agents that are clinically effective in the treatment of human anxiety 
disorders also appear to influence rodent performance in this apparatus [88]. 
Over the last decade, the open-field behavioral model (specifically the co-Vvariation 
es defecation and ambulation within this system) has formed the basis of an intensive 
SN aang the genetic determinants of emotionality. In 2004 this 
BAA SSO successful cloning of a small-effect behavioral locus; a gen 
ans e regulator of G-protein signaling, RGS2 located 
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type and demonstrate genetic Separation through QTL (quantitative trait locus) mapping. 
These dimensions include: (i) inactivity in ‘safe areas’, (ii) avoidance of anxiogenic areas, 
(iii) suppression of rearing, (iv) latency to enter novel areas, and (v) autonomic activity in 
novel environments. On average between 4 and 6 genetic loci were found to influence each 
measure, with each locus conferring an individually diminutive effect (less than a quarter of 
loci contributed >2% of phenotypic variance to any given trait). These data indicate that 
anxiety, per se cannot be considered a single phenotype, but rather an amalgam of individual 
(in some cases correlated) behavioral elements. Consequently research that selectively 
focuses on a small number of these elements may, through reduced heterogeneity, accrue 
sufficient statistical power to identify individual (i.e., low magnitude) genetic effects. 


Control of Extraneous Factors 


Inbred mouse strains, a diverse collection of lines which have been inbred over many 
generations through repeated brother-sister matings, represent a unique resource for the 
investigation of genetic contributions towards complex traits. More than 450 inbred strains 
currently exist, many of which have been maintained for more than 150 generations. These 


_ strains can be considered essentially isogenic because the mouse genome reaches 


y at more than 98.6% of loci after around 20 generations [7]. A 
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mapping resolution afforded by the use of outbred mouse stocks has already enabled the 


reduction of this broad region to just a handful of candidate genes. Specifically only two 
enes have coding sequence within the 95% confidence intervals of the QTL boundaries, with 
one further gene located in close proximity (RGS2, RGSI3 and RGSI8 respectively). 
remarkably, all three of these genes are members of the regulator of G-protein signaling, 
(RGS) family, first identified in yeast cells in the mid 1990s [22]. 


The Regulators of G-Protein Signalling (RGS) Genes 


Heterotrimeric G-protein coupled receptors, or GPCR (where G stands for GTP, the 
downstream signaling molecule) represent a large family of receptors characterized by seven 
transmembrane helices [20, 84]. The intracellular loops which connect these helices constitute 
a G-protein binding domain, with an N-terminal fragment on the exoplasmic aspect, and a C- 
terminal fragment on the cytosolic aspect of the plasma membrane. The G-proteins which 
associate with the cytoplasmic aspect of the receptor play a fundamental role in the 
transduction of ligand-binding to downstream intracellular effectors. The interaction of an 
ane with the cell-surface receptor induces a conformational change which promotes the 
nent of intracellular of aint ae Beet ees the fiat a oe Seo 
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monstrated to accelerate the Ga-catalyzed GTP hydrolytic turno 
1000-fold [68]. without compromising the strength of steady-state signaling. 
tions of GPCRS. such as may be found at synaptic terminals, can lead to 
local saturation of the capacity for GDP-GTP exchange, making the speed of GTP hydrolysi 
a rate limiting factor in signal transduction. Because the GTPase action of RGS protein 
serves t0 simultaneously deactivate the G-protein and increase local availability of Ga GDp 
these proteins enable repeated rapid receptor activation without degradation of signal 
intensity [117]. Consistent with these features RGS proteins have been found to nly 
important roles in physiological systems characterized rapid response kinetics [97, 73]. 

RGS proteins share a common domain consisting of approximately 125 amino-acids [21, 
55]. This core domain binds to the switch regions on Ga stabilizing them towards hydrolysis 
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6 families on the basis of phylogeny [116], and en Ate om halen 
three of those genes that either underlie a localize ae pepe’ [81]. ee K, * 
are members of the B/R4 family which Ss sa Sad AG 

y exhibit short NH2 (N) and COOH (C) 


| i 


F al 
ing in tne 


nin 1g 


‘ has been obser I 
sf hydrolysis observed when using 
nown to modify the kinetics of G-p; 
i aling (RGS) proteins. This fa 
mediated signaling 
of proteins have been de 
by up to 
High concentra 


RGS2 


The function of th i 
e various ins i 
RGS proteins is governed at least in part by their specificit 


mediated by intrinsi ubstanti 
a lesser shia re wbeanie Properties of eee greater for Gag. This preferens’ . 
ations i ; in’s G- ert ecg 
S In expression levels. Minimal ean asta age a C 
whereas hi sion of RGS2 is sufficie" 
gher levels are required to impact upo” Gai. 
int 


The Open-Field Model and Molecular Genetics of Fear 81 


ane thereby terminating the signaling event. These intracellular oscillations in calcium 
concentration, which control a wide rai de of cell functions [8], can be agonist-induced [44, 
70}, or subject to control by RGS proteins, specifically RGS2 [105]. 

At a subcellular level, RGS2 has been shown to localize predominantly in the nucleus 
[13] by passive diffusion, unless a receptor or activated G-protein (Gag) are co-expressed, in 
which case RGS2 is observed to undergo recruitment to the plasma membrane [42, 82]. A 
conserved N-terminal domain is both necessary and sufficient for this signal-induced 
redistribution, and is required for attenuation of Gag signaling [42]. This domain has been 
characterized as an amphipathic a-helix which binds vesicles containing acidic 
phospholipids. Because recruitment of RGS2 to the plasma membrane is not essential for the 
termination of a Gaq mediated signal, it is likely that other important functions of the N- 
terminal domain have not yet been elucidated. 

At a structural and cellular level the expression of RGS2 is spatially, and temporally 
specific. In situ hybridization analysis using a subtype-specific S-labeled cRNA probe in the 
developing postnatal rat brain, has demonstrated a concomitant reduction and shift from 
diffuse to specific expression patterns with increasing age [48]. The highest signal intensities 
are transiently localized in the superficial layers of the neocortex between postnatal days 2 
and 10, a region corresponding to the cortical plate. An early abundance of RGS2 in both the 
amygdala and caudate putamen, although maintained in the caudate putamen, becomes 
and differentiated in the amygdala from P10 onwards. Likewise, hippocampal 

h diffuse at P2, is redistributed to the pyramidal layer of the hippocampus 
er of the dentate gyrus from P18 through to adulthood. Thalamic 
consist low, and the initially high levels of RGS2 expression in 


membr 


| 


Chote ae 


Saffron A.G. Willis-Owe” 


ithout any quantifiable effect on 5-HT1A (4, 
(1) 


? _mediated) W! J ; 
HT2A receptor signaling (Gaq ae also co-localizes with both dopamine D} ay dy 


-mediated signaling omnk nd inversely related to the agonist/antago). 
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ith i ession level direc . sta 
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occupancy of t fing (another Gag-mediated pathway) RGS2 has been found to be present » 
Oe ae a mononuclear cells of human patients with abnormalities in vasculy 
increat garter’ s/Gitelman’s syndrome) [11], and to exhibit a number of missence mutation, 
contro 


i ive atients [112]. 3 
in eek cabs has recently been identified between RGS2 and the dendritic spine 


protein Spinophilin (SPL) [106]. SPL binds to the N-terminal _. - 7 and the thin 
intracellular loop of several GPCRs, actively recruiting RGS2 to the complex. This 
interaction is of interest for several reasons: first SPL is known to moderate fast excitatory 
synaptic transmission through both NMDA and AMPA glutamate receptors [35] (both of 
which are known to participate in learning and memory [4, 6]). Second SPL null mice exhibit 
both neuronal pathologies comparable to those seen in RGS2 null mice (abnormal 
hippocampal dendritic spine densities [23]) and a failure to learn simple taste aversions [87], 
and third SPL transcription is reduced in the hippocampus of human mood disorder patients 
(57. 

RGS2 null mice are both viable and fertile, and exhibit a range of both physiological and 
behavioral deficits including reduced T cell proliferation and IL-2 production [76], 
renovascular abnormalities including a persistent constriction of the resistance vasculature, 
asculature to vasoconstrictors reflecting a slowed pace o! 
dacs [43]. These effects culminate in vivo 
], and intensely hypertensive phenotype [43]. | 

ormal circadian rhythmicity, motor coordination. 
reater preference for the dark 


‘Mey 


ar Genetics of Fear 


The Open-Field Model and Molecul 


jetailed characterization, as achieved by in situ hybridization in the rat, has revealed an 
More re ‘ pattern predominantly correlated with that of RGS2, although 
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‘ ine and interpeduncular nuclei [32]. 
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Although the physiological role of RGS/3 is as yet largely unknown, variation in 


pression has been associated with several immune functions such as chemokine 
ex eS : ; 
responsiveness and desensitization. However, as yet the neurological role of RGS/3 remains 
to be elucidated. 


ne consists of 235 amino acids, with an RGS domain located at residues 86 through 
202. Further putative motifs include a consensus site for phosphorylation by both cAMP- and 
cGMP-dependent protein kinases (residues 213-216), 5 additional sites for casein kinase II 
phosphorylation, and a C-terminus CAAX motif (residues 221-224) which may be important 
for association with the nucleoplasmic surface of the inner nuclear membrane. 

RGS18 is expressed from a single gene, and shows tissue-specific distribution patterns 
which are comparable between human and mouse orthologs. Experimental over-expression of 
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Gene Candidacy Testing: Quantitative C omplementation 


If RGS2 can account for at least a proportion of the phenotypic tl associated wit 
the murine chromosome 1 locus (either through coding sequence variation oF polymorphism: 
in more distal control elements) then this contribution should be detectable using a 
experimental design known as quantitative complementation [64] (also known as the 
knockout-interaction test). This experimental design has previously been used to advance 
from QTL to gene in drosophila [63, 39] and yeast species [89], but until the pioneering 
research of Yalcin and colleagues published in 2004 [111], had not previously been applied to 
mammalian genetics. 
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high and low alleles can then be compared in the presence (box 1) or absence (box 2) 


ween a, ¥ : em 
bet geted mutation. If these differences are unequal then 


of the tar ; the gene holding the mutation 
st contribute towards the QTL (either through allelism or epistasis); an observation 
aise known as a quantitative failure to complement. 
: A viable null mutant exists for the RGS2 gene [76]. This mutant was generated by 
oliveira-Dos-Santos and colleagues by replacing the 4" and 5" exons of RGS2 (a region 
corresponding to the RGS domain) with PGK-Neo in antisense orientation. This process was 
performed in embryonic stem cells derived from the 129/P2OLA strain, with successfully 
recombined cells subsequently injected into C57BL/6 blastocysts and backcrossed to 
C57BL/6 for a further 15 generations. For ease of generating embryonic stem cells and 
efficiency of colonizing developing embryos, null mutations are often generated on a 129 
background [85] and backcrossed onto the reproductively more successful, and genetically 
better characterized C57BL/6 prior to phenotyping. This approach however, adds an extra 
layer of complexity to the concept of complementation since as a consequence of linkage 
disequilibrium the mutated allele is likely to co-transmit with a surrounding region of 
unknown proportions derived from the 129 progenitor strain as opposed to the C57BL/6 
backcross strain. Consequently, in the absence of a litter-mate control, genetic effects located 
within the co-transmitted region could potentially provide an alternative explanation for the 
mutation’s failure to complement (provided that the QTL of interest segregates between the 
Because of its low reproductive performance 129P2-OLA has not been routinely used in 


n. However, the genomes of mouse inbred strains are closely related _ 
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o Human Research 


Relevance t 


As mentioned previously, a region of mouse-human homology extends from 186.8 Mb to 
(91.8 Mb on human chromosome | based on the NCBI build 34 assembly of the human 
genome (July 2004). Although there is a general inversion of orientation across this region 
(telomeric in mouse as opposed to centromeric in human), both gene order and gene 
orientation are preserved. There are 9 known genes in the 4.78Mb region of QTL synteny - 
including the three regulators of G-protein signaling that are located proximal to the mouse 
EMO QTL; RGS2, RGS13 and RGS/8. This region has been implicated in a variety of human 
emotionality-related phenotypes through linkage analysis approaches, including both normal 
range variation (as assayed by the personality trait neuroticism [26, 71, 72]) and clinical 
manifestations such as alcoholism or depression [75]. Of particular interest, genetic variants 
located in two murine candidate genes; RGS2 and RGS/3 have been successfully associated 
with panic disorder [60], with the greatest levels of association identified in subsets of 
patients with panic disorder and co-morbid agoraphobia [46]. These data clearly suggest that 
an evolutionarily conserved mechanism for the moderation of emotional reactivity may reside 
with this chromosome | region (see [110] for a full discussion of this argument). However 
these studies are small are therefore require further replication. 
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region, investigators have begun Considering the potential contribution of genetic varia" 
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dices of human emotionality. These research eff 
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ave resulted in a growing body of evidence which Suggests that variants in 
of G-protein signaling might contribute towards the genetic etiolog ; 
articular Panic Disorder with co-morbid agoraphobia [60, 46 $1]. 
that murine models of human behavior, in particular OFT 


these regulators 
y of Panic Disorder, in 
. These data demonstrate 


ft ambulation and defecation, are 
likely t0 offer vital insights into the genetic origins of basic evolutionarily conserved 


pehavioural mechanisms; not least emotional reactivity and its associated clinical phenotypes 
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MOUSE LINES SELECTED FOR DIFFERENCE 
IN SENSITIVITY TO 8B-CCM ALSO DIFFER IN SPATIAL 
MEMORY, CORTICOSTERONE ACTIVATION AND FEAR 
REACTIVITY 
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a mothers only. The sires were removed from the mating cages one or two days before 
srurition. Male and female offspring were Separated when weaned at 30 + 2 days. The 
rimals were 3 to 5 months old (30-35 g) at the ume of the study. Only males were used. All 
rests Were performed on animals from generations G17 and G18. All the experiments were 
carried out between 8.30 am and 12.30 pm and respected the ethical guidelines laid down by 
she French Ministry of Agriculture. 

Before behavioral testing, animals were housed individually with free access to food and 
water for 15 days. Then, they were submitted to the food deprivation schedule as described 
below. 


Spatial Delayed Discrimination in a 4-Hole Board Apparatus 


All tests were performed in a four-hole board apparatus (45 cm x 45 cm x 30 cm high) 
enclosed by grey Plexiglass [21]. The four-hole board apparatus was placed on the floor of 
the room (3.0m X 3.0m X 2.40 m high). On the floor, 4 holes opening on a food cup (3 cm 
diameter X 2.5 cm in depth) were located 6 cm away from the sidewalls. The apparatus was 
placed in a room exposed to a 40 dB background noise and a light centered over the apparatus 
provided a 20 lux intensity at the position of the apparatus. Spatial cues were provided with 2 
reverse patterns (black vertical stripes on a white background and white horizontal stripes on 

a bla symmetrically opposite one another on the surrounding walls. The 
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Elevated Plus Maze 


The plus maze, which was constructed of grey Plexiglass, consisted of four am 
pees? in the shape of a plus sign. Each arm was 30 cm long, 7cm wide, and was elevated 
. ~ above the ground. The four arms were joined at the center by a 7-cm square platform 
oe Rk tei of a ve ae were enclosed by sidewalls 17 cm high, but open on the 

: arms did not have si i 
ate: sidewalls. These walls did not extend from the center! 
The experiment was 
performed between 08: : 
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31. Spatial Delayed Discrimination in the 4-Hole Board 


Acquisition phase. Analysis of pooled data showed that BR mice spent more time on the 
rewarded hole, compared to BS mice (F(1,30) = 9.5; P < 0.02). No other significant 
pehavioral differences in exploratory patterns were observed between the two strains. More 
specifically, the total number of head-dips in the four holes was similar (3145.6 versus 
3544.9 for BR and BS mice respectively as well as the number of head-dips in the rewarded 
hole (14 $3.5 versus 12 +3.5 for BR and BS mice respectively; F < 1.0 in all comparisons). 

Test phase. The results are presented in Figure 1. A non-significant statistical difference 
was found between the two strains of mice (F(1,28) =0.24) with correct choice ratios being 
affected by the retention intervals (F(1,28) = 15.5; p = 0.0005). The performance of BR mice 
declined faster, however, as a function of the length of the retention intervals, as compared to 
BS mice (strains x delays: (F (1,28) = 8.9; p = 0.005). While no between-strain difference was 
observed after the 5 min retention interval (F(1,14) = 3.2; p=0.09), significant differences 
were observed at the 24 hrs retention interval: F(1,14) = 5.8; p<0.029). An additional analysis 
showed that the deficit of BR mice as compared to BS mice was observed at the first 
(p<0.01), the second (p<0.05) and the third minute (p<0.01). Within-strain analyses showed 


that the slump in the performance of the BR strain was significant over the two time intervals 


0.001); a non-significant decline in the performance of the BS strain was 
me time intervals (F(1,14)=0.32). For the additional third time interval (48 
nificant drop in performance after 48 hrs as compared to the S min — 

: ‘by BS mice after 48 hrs ywever not 
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Mouse Lines Selected for Difference ; 
a Delete stiieeecin 
ae subjects submitted 9 memory testing, a significant interaction 
od elt intervals was found (F(1,28)=7.1; p=0.01) 
v<ibited ‘ plasma eeeerrone level at the 5 min retention interval similar to the one 
enor a BS mice (F(1,14)=0.32) > In contrast, BR mice exhibited a higher level of plasma 
vsaicosterone at the 24 hrs interval (F(1,14) = 16.5; p=0.001) | 
ds additional analysis was carried out to determine the relative magnitude of the 
vonticosterone activation induced by memory testing at either 5 min or 24 hrs, relative to the 
mean Score exhibited by each strain in the active condition, used as a reference baseline 
Thus, the following ratio was calculated for each strain: (“Individual Corticosterone scores at 
memory condition / mean corticosterone score at the active condition”), We showed a 
significant interaction between strains and delay intervals (F(1,28)=6.5; p=0.01) (Figure 2C). 
More precisely, BR mice exhibited a significant corticosterone activation of greater 
magnitude at the 24-h delay as compared to BS mice (p<0.05) whereas an opposite pattern, 
though not statistically significant, was observed at the 5 min delay. 


N Sensitivity to B-CCM 


between strains 


Figure 2B). More precisely, BR mice 


Elevated Plus Maze 


Results are presented in Fig.3. BR mice were found to be more “anxious” as 
operationally defined by the decrease of entry and latency ratios. Thus BR mice exhibited a 
significantly lower entry ratio (F(1,14)=32.3; p = 0.001) and only a trend toward a lower 
latency ratio (F(1,14)=3,5; p=0.08), as compared to BS mice respectively. 
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corticosterone after memory testing or after exploration of the hole-board, as compared to Bi 

mice, which were also found to be significantly less “anxious in the elevated-plus maze, 
Many studies have been conducted comparing learning abilities in different strains , 
mice [2, 7, 57]. Many comparisons of mouse strains in anxiety models tested in the ope 
field, in free exploratory behavior tests [6, 53, 19], the elevated plus maze [19,31] and light 
dark preference [25, 32] have been conducted, but to our knowledge, there has not been any 
direct systematic study of the relationship between learning, corticosterone level and anxious- 
like behavior. Beuzen and Belzung [5] reported that emotional memory in mice is linked to 
"state" but not "trait" anxiety. Fernandes et al. [20] tested in an open-field situation and: 
Morris St a comparing PWD/Ph (an inbred mouse strain derived from wild mice) and 
rdvon 3 eas mi eens were more anxious than the C57BL/6J mice in the open 
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ne min interval as compared to the one observed at the 24 hrs interval in BR mice: it j 
assible that the reduced time interval between the acquisition and test sessions in ron sts 
-t0c0 attenuates the HPA axis response to handling or to the re-exposure to the a ai 

and its spatial eavironmental cues. On the contrary, the re-exposure to the behavioral oii 

afer the jong-term interval (24-h) could maximize its relative “novelty” and as a result 


acreased the HPA axis response. Whatever the explanations, the high levels of 


corticosterone in BR mice at the long-delay interval (see figure 2C) suggests that the | 


min 


plasma 
evel of 


anxiety might be responsible, at least in part, of the long-term memory impairments observed 
in the BR strain. This hypothesis is strengthened by numerous data showing that 
modifications of the levels of corticosterone may interfere with memory performance [8; 
15:16] as well as with the benzodiazepine receptors. Indeed, it has been shown that the pre. 
stress administration of compounds acting at the GABA-A receptors such as diazepam 
interact with corticosterone levels [55] and also reduced the stress-induced c-Fos expression 


in various brain areas [17]. Such an interaction between steroids and GABA-A receptors has 
been evidenced both in human [51] and rat hippocampus [55], a key structure involved in 
memory consolidation processes. 

These latter data suggest a more direct explanation, not involving anxiety as a primary 
cause of the memory impairments. The relationships between corticosterone levels and 
compounds acting at the GABA-A receptors have already been demonstrated and may 
contribute to the difference in memory performance observed between BS and BR mice. 

. of GABA-A inhibition can be associated with learning deficits 
iazepines are known to induce learning deficits in rodents 
anxiolytic effect is opposite to the effect produced by several 

lis ily that increase memory performance [10]. It co 
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number of behavioral phenomena including aggressiveness, @ 
receptors appear to be involved in anxiety [13, 27] and also in memory processes [39 
an analysis of the coding sequence of hetero-oligomeric protein complex receptor ‘ nh 
subunits is currently being conducted in a bid to detect any mutation that might an ’ 


: phenotype described above. 
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Chapter 6 


OPTIMIZATION OF THE CHRONIC STRESS 
DEPRESSION MODEL IN C57 BL/6 MICE: EVIDENCES 
FOR IMPROVED VALIDITY 


Tatyana Strekalova™ 
Department of Psychiatry and Psychotherapy 
_ Animal Behavior Division, RWTH Aachen University, Aachen, Germany 
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comprised of ra ming in cold water and others. These procedures... 
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Anhedonia in rats was reversible by antidepressants, but not by neuroleptics and anxjo} 
[58, 59]. , ; ; 
The unpredictable chronic mild stress model of Willner is probably the most estabjis), 
and broadly used paradigm of stress-induced anhedonia in rodents [145-149]. To obiai 
more realistic model of depression, Willner modified the protocol of Katz, mimicking mo 
closely the analogues of human stressors. Therefore, he substantially reduced the severit 
stressors using only mild ones, such as: soiled cage, presence of a foreign object, restrict 
access to food, constant lighting and others, and extended the duration of the stress procedur 
up to 3 months. The new protocol provided a longer lasting decrease in the sensitivity | 
rewards, as shown by a decrease in sucrose intake and preference and an increase 1n te 
thresholds of intracranial self-stimulation. Hedonic deficit was again shown to be specifics!) 
reversible by antidepressants, but not by compounds with other activities. However. 
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of depressive-like state and paradigm, i.e., employment of a hedonic deficit as 4 criterio! 
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: unpredictable stressors of mild re se of a prolonged application of uncontrollable “s 

; Procedures were elaborated and oe for anhedonia induction, a number of chroni¢ s"™ 

E 42, 55, 9, 133], In addition to Bar ated in rats and mice [78, 96, 89, 46, 64, 138, 44.82" 
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ols of this test 1S believed to be due to the overlooked 
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sptifacts in eva 

| importantly. 


oe SP physiological a rs 
tuating drinking behavior in rodents [93, 131, 57 129] gical and physical 


many behavioral studies, using chronic stress depression models, resulted i 
n #, TOOLS Ef 


snflicting findings and failed to define a consistent phenotype seen in chronically 
ce | 


‘ : . mos . . stressed 
rats and mice with hedonic deficit. Data on their locomotion, anxiety, exploration, and other 


pehavi0rs often demonstrated paradoxical and inconsistent behavioral changes [30, 20, 101 
64, 47-49, 99}. This greatly complicated the characterization of behavioral civtyetinee for 
gress-induced anhedonia, which is induced with the chronic stress method in rodents. 

Besides methodological problems, application of the chronic stress approach encountered 
some conceptual drawbacks. Perhaps the most obvious one consists in the fact that in 
previously proposed models, all effects observed in groups of chronically stressed animals 
with signs of a decreased sensitivity to reward are attributed to the anhedonic state. 
Meanwhile, stress per se can evoke a number of physiological alterations, which are not 
associated with a depressive-like state. Since available chronic stress models did not provide a 
control for the effects of chronic stress alone, it was not possible to relay findings obtained in 
chronically stressed animals selectively to anhedonia. Thus, strictly speaking, specific 
iological correlates of hedonic deficit could not be addressed with earlier developed chronic 
stress depression models. 

Here, we established a mouse model of stress-induced anhedonia with an internal control 
for the effects of stress alone and attempted to resolve some important methodological 
drawbacks of the chronic stress depression paradigm in mice. Elaboration of this approach 
was encouraged by numerous evidences of remarkable inter-individual variability in animals’ 

observed in our own and others’ studies [145, 146, 5, 114, 4, 53]. We aimed 
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in order to induce @ hedonia 1D mice, We applied a chronic stress procedure , 
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(such as exposure 10 4 rat, tail suspension and restraint stress) in differen, 
variations (see below) resulted in @ profound decrease in sucrose preference pr 
‘1 rodents. The proposed stress procedure, repe i a | 
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s, led to anhedonia defined ; 
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of preference to 4 1% sucrose solution over tap water < 65% by the TF reek of 
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stress application in 50-70% of mice [116-1 30]. 
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Figure | represents <a of sucrose preference in one of the typical chron; 
,yperiments (adapted from [128}). Based on the chosen criterion of 65% sided eae 
et are assigned to the anhedonic and non-anhedonic groups. A mS 
il on our results, which indicated that mice with a sucrose pre 
m eressive-like syndrome shown by elevated floating in 
‘mmobilization in the tail suspension test, decreased novelty 
like changes, while stressed mice with a sucrose preference 
this behavioral phenotype [116-130]. 

Before the onset of stress, all three groups (control, non-anhedonic and anhedonic mice) 
had a similar preference for sucrose over water and absolute intake of water and sucrose 
solution. After stress, mice from the anhedonic group are characterized by a decrease in 
consumption of sucrose solution, whereas in non-anhedonic animals these parameters are not 
different from the control values [128]. Multiple regression analysis showed that a drop of 
sucrose preference is accompanied by a decrease in sucrose consumption and increase of 
water intake. In contrast, for many stress protocols, reduction in sucrose preference is solely 
due to an increase in water intake that is thought to be a sign of stress-induced polydipsia. 
However, the link between polydypsia and a state of anhedonia is questionable [50, 138, 9]. 
Correlation analysis revealed no relationship between stress-induced loss of body weight and 
sucrose intake. Together, these results led us to suggest that a decrease in sucrose preference 
after chronic stress, particularly in our model, is not determined by metabolic disturbances 
and alterations of consummatory behavior in animals, as it has been discussed in a literature 

but particularly in our chronic stress paradigm, may reflect diminished 
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sade creased interest in novelty is an important feature of human depre 
of control, non-anhedonic and anhedonic mice 
pehavior ; novel cage and new object exploration 
oo imals were performed under lighting of weak intensity (5 Lux) in quiet rooms, in 
stresse rovide “mild” testing conditions. Mice were allowed to explore a new object (an 
order F ie in a restricted area. Anhedonic mice display a decreased total duration of 
woe exploration measured over a 15-min period of testing, as compared to control and 
new Cass mice (Fig. 3A; adapted from [121]). 
ee the novel cage, animals were assessed for their activity to explore a new environment. 
in this test, mouse exploratory rearings are scored during a 5-min trial in a novel cage (the 
came size of a home cage) lit with a red light. Anhedonic animals reveal a decreased number 
of exploratory earings versus non-stressed controls and non-anhedonic animals (Fig.3B; 
adapted from [121]). Exploratory behavior of non-anhedonic mice is not different from 
controls. These data provide evidence that decreased exploratory activity in stressed mice is 
selectively associated with a presence of anhedonia. 
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pyNAMIC oF ANHEDONIC STATE AFTER THE TERMINATION OF 
STRESS PROCEDURE AND ANHEDONIA MAINTENANCE 


after the termination of chronic stress, diminished sucrose preference lasts in the 
srnedonic group 1-3 weeks. During this period, most of the mice from this group show a 
aycrose preference below 65%; over time, they spontaneously recover from a hedonic deficit 
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(116-130). 


A Sucrose test, after-stress period 


.No-Stress:----14 days--[5d Stress]-No-Stress:-9days- 


idafterS twafterS 2wafterS 3wafterS 4wafterS 


1 Day after Stress 


1% 
7. sucrose 


1% 0.8% 0.75% 0.7% 0.65% solution 


Sucrose preference, % 


0 
Control Non-anhedonic Anhedonic 


0 


1-w after Stress 2-w after Stress 


o x# 
| 0.8% 
, a e ie = 
bis a = ete sucrose sucrose 
5 (ore eee olution solution 


i 
| 


iS" mani 


REAL eee 


<5 ae a neice NS LE RED 


ratyana Strekalova 


. tate could be rein stateqd/ Mm 

ic Sle 
ail-suspens 
aneously restores to 


ion or rat-expo 


594 and 3 weeks after the ter 


ene, ween the 4 one oo 
joint in time bet pee sxpasure during this period of the , 
d a 5-day t* * 


fay -. (for details, see [120])- 
nase of anhedonia ( for d left unstressed for the first 14 da 


n the stressed group were i for th 4 
d then, between two sucrose tests on weeks 


t-exposure stress (See the scheme of experiment, Fig.7A), No 
ne remaining 9 days of the experiment. Because repeated ac¢, 
icrose preference in mice and leads to a developmen 
t that compromises its sensitivity (see below), 5 
f weekly descending concentrations (from | 


group at a | 
procedure [1 
prolong a pl kor 
Therefore, mice fror 
termination of the stress procedure, an 
submitted to a 5-day ra 
stress was applied during tl 
sweetened solutions elevates Su 
: effect in sucrose tes 


“ceiling” ; 
aluated with solutions 0 


preference was €V 


0.65%). pa 
Sucrose preference in the anhedonic group was significantly lower than in the y 


anhedonic and control mice | day after the termination of the chronic stress and during wee, 
|-4 thereafter (Fig.7B-F, adapted from [128]). There was no significant difference in i 
measured parameter between the non-anhedonic and control animals in the course of th 
entire experiment; thus, application of an additional 5-day rat exposure stress does not ac 
hedonic sensitivity in animals from this group. 

Data from the presented study suggest that with a proposed chronic stress mode 
employed methods of additional stress application and gradual decrease of sucrose Sadeive 
RA testing in a Sucrose test can ensure a prolonged maintenance 
evaluation of potential eu ee ee oe paradigm useful for t 

idepressant effects of chronically applied treatment, which w® 


additionally sh n by the study 
. 


CHANGES OF SUCROSE 
CHRONIC STRESS EXPER 


RESPO 


AN 
oe CONSUMPTION DURING THE 
T: INDICATION OF ELEVATED STRES* 


“Wi 
how elevated ©eK stress period (Fig.8, adapted from [| 28}) 


Optimization of the Chronic Stress Depression 


—<— LCTC ———_—___ 


Model in C57 BL/6 Mice 


SUCROSE PREFERENCE SUCROSE INTAKE 


5 
12 —=— Non-anhedonic 


--@-- Anhedonic 


from control 
S 
o 


a 
Intake of sucrose solution, 
% from control 


Sucrose preterence, */. 


Baseline 2.5W S 35wS 4wStress Baseline 25wS 3.5wS 4w Stress 


WATER INTAKE TOTAL LIQUID INTAKE 
«# Mes 


Total intake of liquid% 
from control 


Baseline 25wS 3.5wS 4w Stress 


Tatyana Strekalova 


124 

after 2.9 and 3.9 weeks of stress ¢Xpos' 
her values of water intake than the non- 
mice demonstrate 4 lasting increase 1) 
e subsequent stress-free period, 
measurements. Both parameters 
at the time points | and 2 weeks of the after 


-anhedonic groups, 
onic stress (Fig. 9; adapted from [128]) 


liquid is elevated | 
‘onifl i anhedoni 
sjonificantly hig 
Anhedonic vate 
sumption during th Sie non-an! 
alues of these ik af 


of animals 


con 
normal V 


anhedonic group 
9 control and non 


tion of chr 


and as compared to control 
LIS ¢ 


compared t 


week after the termina 


B SUCROSE INTAK! 


120 


A SUCROSE PREFERENCE 


~ 110 
§ =e Non-anhedonic é 
5 + Anhedonic 2 
F 
ic : 
g se t 
5 af f 
z Be 2 
z g 
60: 
Before iw ow i ay 
4w 


190: 
150 


control 
$ 


100 


Intake of water, % 
, % from (@) 
3 


Total liquid inta’ 
ke, % 
from contro} 
is 


treatment 
Before Iw 2w 3w 
4w 


tro] grou 
p).(C 
(C, bed consumption and total 
Post-stress period as compare 


urement (SEM) ©Non-anhedoni 
R ic mi 
mice. Data on graphs are expressed ® 


res of 3 Vior 
SWimmj and : 
ming behay; et indications of ber 
oe vior and increased activity 
; ivl 


RAR gS 


Optimization of the Chronic Stress D 


€pression Model in 


C57 BL/6 Mice 


125 
e nature of the elevated intake of palatable solutions duri : 
ar, some reports suggest that consumption of iehinasts S re 
like effect in rodents [149]. This led to sincaless a uti 
“paradoxical” increase of sucrose intake and preference in chronically 
ht be the “adaptation” to stress. In this light, the development of asia : eee 
ic stress can be regarded as a manifestation of a “ ince 


chronic stress 
ons can evoke an 
possible biological 


large 
anhed 
spyperadaptation . 

“In studies with chronic stress models, various alterations in the intake of palatable 
solutions were observed L148, 149]. Some research groups found no changes in 
gyerose/saccharin consumption and / or preference in chronically stressed rodents [85, 45, 44 
42, 9]. Our results suggest that an increase, decrease, or the lack of changes in wiiome 
preference and intake in rodents is a matter of the stage of chronic stress and animals’ 
individual vulnerability to development of anhedonia. 

Besides general behavioral invigoration and increase in consummatory activities, the 
augmentation of general liquid intake observed in our mouse model could also be explained 
by a stress-induced polydipsia. This phenomenon may result from general sympathetic 
activation and an increase of metabolic needs in water, diabetes mellitus [105], altered 
secretion of the hypothalamus and hypophysis [24, 108]. Thus, elevated water intake in 
anhedonic mice may reflect a pronounced response of these animals to stress. 
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Decreased intake of sucrose and other palatable solutions was proposed to be a measur 
of hedonic deficit in chronic stress depression models (for a review, see [149]). Meanwhile 
absolute intake of sucrose solution in mice and rats can be influenced by many factors, no, 
related to their hedonic status. It can be affected by subtle stressors occurring during th: 
sucrose test and by prolonged effects of acutely applied stress procedures, deprivation of food 
and water, stress-induced changes in consummatory behaviors, as well as by alters 
metabolic needs in calories and liquids [96, 73, 37, 97]. In our studies, we modified the 
protocol of the two-bottle sucrose test (see below) and used preference to a !%-sucros: 
solution over water, calculated as a percentage of consumed sweetened solution of the told 
amount of liquid drunk, as a parameter of hedonic state in mice. 
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reference and, especially, in absolute values of liquid intake [77, 1, 87]. Preference and 
intake of sucrose solutions were found to increase substantially with repeated sessions of the 
sucrose test, suggesting that the results of testing in this paradigm depend on the animals’ 
revious experience of sucrose consumption [121, 3]. As mentioned above features of the 
gucrose test in mice may limit its accuracy, we analyzed their potential contribution to the 
outcome from this test. 

When given a choice between two drinking bottles placed on the left and right comers of 
the cage, mice show a preference to drinking either at one or another position. Side preference 
indrinking position is not related to any obvious external factors, such as sources of noise and 
lighting, localization of a home cage in a room, etc. In order to evaluate a contribution of this 
phenomenon in a measurement of preference to 2.5%-sucrose solution, we first estimated a 
side preference either to a left or right corner for each mouse used in the experiment in a 10-h 
two-bottle water test. Then, in a two-bottle paradigm of choice between water and sucrose 
solution, mice were allowed to consume 2.5% sucrose solution either from the preferable 
(Day 1) or non-preferable (Day 2) sides of the cage during two consequent 10-h tests 
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sucrose solution (Fig.14D). Overall, mice showed a higher intake of sucrose solution than 
water intake. 
Mice inexperienced with a taste of sucrose, showed lower sucrose preference to |% 
epuiieg and significantly larger variability of this parameter than mice pre-exposed for 2 h to 
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se taste were allowed on 1 cohateapata 2.5%-Sucrose solution for 2 h a day before the first 
<ycrose st. 3) fpspedes “ ong o* ofrect of side preference, position of the bottles sts 
ite ed in the middle ry) sting ) Sucrose test was started with the offset of the light and 
Med out during the dark (active) phase of animal’s cycle. When 24-h protocol was 
employed, presence of preferable and non-preferable solutions on each side of the cage was 
squilibrated with respect to a circadian cycle. 5) Temperatures of the drinking solutions and 
air in the Jab rooms were balanced. 6) No food and water deprivation was permitted before 
ihe test for at least 24 h. 7) No stressors are applied for at least 12 h prior the test. 8) For 
multiple repeated testing, gradually descending sucrose concentrations were used. 

Methodological modifications of the sucrose test listed above increased its sensitivity that 
enabled. the individual mice with and without stress-induced “qualitative” changes in a 
suerose preference to be differentiated, according to a taken criterion of anhedonia. This 
differentiation correlated with appearance of other depressive-like pathological alterations, as 
it was shown in our model with various methods [10, 41, 31, 123, 130]. Together, these data 
speak in favor of the validity of the sucrose test paradigm as a method of evaluation of 
depressive-like state in rodents. 
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. Time spent by mice in the open arms of the Zero-maze (lit with modest lighting of 25 
Lux) and the lit compartment of the dark/light box (lighting intensity was 600 Lux) increased 
afer a 4-week stress and decreased after a 1-week stress (Fig.15A, adapted from [125]). Thus, 
chronically stressed mice tested under modest and strong illumination exhibit an “anxiolytic- 
jike” behavior under conditions, when subchronically stressed animals show elevated scores 
of anxiety. Mean duration of swimming evaluated in a “standard” protocol of the forced swim 
iest (lighting intensity of 25 Lux was employed) increased after a 4-week stress and did not 
change after a 1-week stress (Fig.15B). In the open field lit with 600 and 25 Lux light, mean 
total distance moved was elevated in mice submitted to a 4-week stress, but not in animals 
exposed to a 1-week stress. No differences in the locomotion scores were detected between 
chronically and subchronically stressed mice tested in the open field under dimmed 
illumination of 5 Lux (F ig.15C). Both 1-week and 4-week stress inhibited novel cage rearings 
‘endiaak <ioAs red lighting (Fig.15D). Thus, 4-week chronic stress induces a hyperlocomotoion 
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illumination, thus validating anxiogenic effects of employed stressors and paradigms oj 
anxiety-like behavior that were used in the study. Obtained data demonstrate that only 
prolonged stress could evoke a phenomenon of hyperlocomotion in C57BL/6N mice. 
A single injection of low dose of diazepam abolished hyperlocomotion, “anxiolytic-like’ 
pattern and prolongation of swimming observed during testing under strong illumination 
mt [125] that is in line with previous observations [94]. Because the main pharmacological 
activity of benzodiazepines is a blockade of the acute stress reaction, the fact that the 
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citalop ed throughout the entire 4-week period of stress. Parameters of the sucrose test and 
continu behavior in the forced swim test were assessed after the termination of chronic stress. 
si solution was replaced with tap water during 12 h-sucrose test sessions (for details, 
see [128]). 3 ‘ : i 

Five-week administration of citalopram decreased the percentage of mice defined as 
anhedonic in 2.5 times and delayed a decrease of sucrose preference in the stressed group of 
mice from 2.5" to the 4" week (Fig.17A,B, adapted from [128]). Citalopram rescued normal 
floating, which was elevated in non-treated stressed mice (Fig. 1 aC). 

Effects of chronic treatment with citalopram on sucrose and forced swim tests observed 
in the study with oral administration of antidepressant were further confirmed in the ‘een 
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_ via i:p. injections and via continuous subcutaneous administration with the osmotic mini- 
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Figure 17. Administration of citalopram counteracts with a development of depressive-like syndrome. 
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forced swim test, anhedonic mice Rs se 


treated with ; 
jn the , ; HN an antidepressant. < 
jeorease in duration of floating behavior, which was elevated in the non-treat d : owed a 
e ; Non-stressed citalopram-treated control mice demonstrated a lida peeps 
) -Y OF increased 


iio of floating. Chronic administration of Citalopram did not affect floating of the n 
anhedonic animals (Fig. 19). 

Chronic administration of citalopram Significantly increased body weight in anhedoni 
mice, but not in the non-anhedonic animals; among non-treated animals, there a 
significant difference in body weight between the non-anhedonic and anhedonic groups [128]. 
Restoration of body weight is known to accompany recovery from a depressive-like 
syndrome, induced by antidepressant treatment, in particular, with citalopram [71]. In 
anhedonic animals, chronic administration of citalopram reduced water intake, which was 
increased in this group of mice, and did not affect this Parameter in the non-anhedonic 
animals. 

In our study, we found selective efficacy of citalopram in changing several variables in 
stressed mice with, but not without a hedonic deficit. Formally, a possibility remains that 
citalopram modifies the sucrose preference, water consumption and the floating behavior 
exclusively in anhedonic mice because of the ceiling effects of stress in this group of animals. 


Was no 


While it is not feasible to rule out this possibility, our findings and experimental approach 


be compared to the clinical situation of the application and therapeutic effects of 
's. In patients, 


ARTE Tre 


Tatyana Strekalova 

146 

! cejve-liKe § ndrome in mice, thu 
I iological features of a depressiv© like Sy ae 
ashy Sie b*\* c ve: a) Ye) net 10¢ ¢. 
ali f the sucrose test and chronic stress I 7 
oral : ata collected with a renewed 

based on the data ©O 


erimental design and behavioral testing enabled u 
| disadvantages of previously elaborated 
our opinion, the primary me 

y Modif 


Our views are 
‘fications in exP 
cal anc 
ion paradi 


al mod 
f the methodolog! 


c stress depress 

providing an internal control 

hedonic animals; 2) increasing t 

f inter-individual differences in a stressed mouse populati 
duced hyperlocomotion in chronically ma 


ress-in 
ditions precluding its confounding effect on j, 
On { 


1 conceptua 
gm in mice. In 
for the effe 
he sucrose test accuracy to the exten 


Essenti 
some O 
of the chroni 
consist of: 1) cts of stress alone by a separat 
of stressed non-an 
allows for the detection 0 
identification of a phenomenon of st 


mice and determination of testing con 


animals’ behavioral analysis. 
novel mouse paradigm of stress-induced anhed 
ANnedonta 


The following facts obtained in a 
and construct validity. First, the analysis of stressed mj 
wis Mice 


but not chronic stress alone, is accompanied by key depre 
. . . SSIVE- 
d floating in the forced swim test, decreased exploration 
Mn of 


novelty, prolo i teats : : ‘ 
) ity P longed immobilization in the tail suspension test, disrupted hippoc 
plasticity, an increase in the percentage of REM sleep, di i  eibagg 
gene expression [116-130, 10, 31 41]. Oth ep, isturbed day/night activity and altered 
changes in locomoti a EIS _ Other behavioral alterations, like stress-induced 
otion, increased anxiety, as well , — 
chronically stressed mice ind i as loss of body weight, develop in 
Aor EON. ependently from a hedonic deficit. Hence, a stress-i “ 
SSA PS Sao : and preference is accompanied by a bitin! f s “o 
LEE e . served in stressed individuals without a hedonic d 7 8 
symptoms in pati vee changes specific for anhedonic ani ; —.. 

5 patients with depression. B : imals in our model, paral 
suspension tests, found duri . Behavioral despair in th ; ; 
depressed faith uring anhedonia, is regarded n the forced swim ant i 

ans. In rodents, these behavio as an analogue to the coping deficits in 
rs are well documented to be reduced °) 


argue for its improved face 
demonstrated that anhedonia, 
like behaviors, such as increase 


- e depressive-like status [103, 12 
percentage of REM slee al i el a cognitive impairment, whichis 

; unction [75, 106, 6]. An increase in tHe 
activity documented in a proposed ™™* 


S€Vera] 

al aspects Proposed : ; 

Paradigms. Poss depressive *lbige stress depression mode ¢ 
en iets animals’ individual oredis 


Ae ss 
“f ) ; 
we ‘ : 


Optimization of the Chronic Stress Depression Model in C57 


ee 4 


Communications), but as non- 
outliers, the issue as a whole is 
evidence a Pronounced inter- 
ated by stress and suggest that 

menon [104, 8, 140]. Recently 
66] support our findings on large 
induced depressive state in mice. The 
r model reflects an aspect of individual predisposition to depression additionally 
fact that a r of its face validity. The proposed mouse paradigm can be regarded as the first 
we geiaaieed the biological basis of inter-individual differences in vulnerability to 
mode 
ene 22 ea r= submissive traits in the social behavior of male mice can 
ici susceptibility to “See epee a ae ey! porns gy eis 
: ave 
be oi ss se apa ne ne tool for the modeling of a depressive 
10n 3 . > 
Rint this cohort of patients. 


a i mateo day clone 


Tatyana Streka — 
148 site 
nted in this review is permitted by yy 

+ Macmi 


Reproducti 
Publishers Ltd: 
Gass P. Stressé 
and exploration. 
Wilkins, Behaviora 
Stress-induced hyper 
mice. Behav Pharmaco 
O, Bartsch D. Selective € 


d-induced anhedonia 


Neuropsychopha 
| Pharmacology, 1) Strekalova T, Spanagel R, Dolgov 0, Bartsci » 


Jocomotion as a confounding factor in anxiety and depression moda) 
1 2005; 16:17 1-180; 2) Strekalova T, Gorenkova N, Schunk £, nt in 
ffects of citalopram in the mouse model of stress-induced tha 


with control effects for chronic stress. 2006; 1 7:271-287. 
The work on this chapter was supported by Deutsche Forschungsgemeinschaft (or, 
grant 


699/1-2 to T.S.), EuroMedInnovation and OwnResearch group. 


REFERENCES 


{1] mae has Spee R, Laviola G. Restricted daily access to water and 
e oral consumption in mice: meth ical i indivi 
ma ea Behav Brain Res 2002;134: 21-30 —— 
at J, B vay 
sa iol eMC reataced on Watkins LR, Maier SF. Medial prefons 
= nucleus Sai nc a s ability affects behavior and dorsal raphe 
co JA, V F ” 
sustained oe: nee oe salir JA, Rinaman L. Enhanced initial and 
i oe Regul Integr Comp Physiol 2005.289. Sa eectn cee leon. 20 
Khin KV, Sudakov KV. Genome of “ER ee: 
as P vale AR 2 fe , Antonova | . I. : ; . i H 
omar: = Ns Nezavibatko VN, Alfeeva LYu, Dubinin 
9) Kamensky AA. The neurotropi 
). Regul Pept 1994;51: 49-54. 
R, Perrine A, Glick-Oberwis | 


eo ia 


(12] 


(13] 


(14) 


(15] 


6] 


(17] 


Optimization of the Chronic Stress Depression Mod 
Se LOC 


el in C57 BL/6 Mice 


Bevins RA, Besheer J. Novelty reward 
Rev. 2005;29: 707-714. 


Assessing autism-|j 


variations in social interactions among inbred strains Behav 


26. 
Brennan K, Roberts DC, Anisman H, Merali 
consumption in the rat: motivational and n 
Psychopharmacology (Berl) 2001;157: 269-276. 
Brotto LA, Gorzalka BB, LaMarre AK. Melaton 


chronic stress on sexual behaviour in male rats. Neuroreport 2001: 16: 3465-3469 


Bure TH, O'Loan J, McGrath SU, Eyles DW. Hyperlocomotion associated with 
transient prenatal vitamin D deficiency is ameliorated by acute restraint. Behav Brain 
Res 2006; 174:119-124. 


Cabib S, Zochi A, Puglisi-Allegra S. A comparison of the behavioral effects of 
minaprine, amphetamine and stress. Psychopharm (Berl) 1995;121: 73-80. 

Cabib S. What is mild in mild stress? Psychopharmacology (Berl) 1997:134: 344-346, 

Calvo-Torrent A, Brain PF, Martinez M. Effect of predatory stress on sucrose intake 
and behavior on the plus-maze in male mice. Physiol Behav 1999;67: 189-196. 


ke behavior in mice: 
Brain Res 20073176: 21- 


in protects against the effects of 


-Cancela LM, Bregonzio C, Molina VA. Anxiolytic-like effect induced by chronic 
__ Stress is reversed by naloxone pretreatment. Brain Res Bull 1995; 36: 209-213. 


io R, Marinesco S, Baubet V, Bonnet C, el Kafi B. Evidence for a sleep- 
ting influence of stress. Adv Neuroimmunol 1995;5: 145-154. 
Dialog on depression. Science. 2000;288(5468):975. 


aviours in the eleve 
etween beh elevated Plus-m, 


ic mild stress- evidence from inbreq 
Ee Strain 


5150: proaches to modelling bipolar “a 


‘sat H, Manji tS 
G34) Einat H, 003:371: 47-63. 
macol Bull 2 cattery of simple models for facets of bipolar disorde,. 


._. increased validity, better screening and possible ingio}, 

tical roach to achieve incr aes : cht 

aot i pphenotyoes of disease. Behav Genet 2007;37: 244-255. | 

a a M, Vaugeois JM. Genetic rodent models of depression. Curr (pi, 
07;7: 3-7. ’ ; 

picionne! s K, Reid IC. Chronic mild stress and sucrose 

ion. Physiol Behav 1996;60: 1481-1484. 


an SA, McElroy SL. The comorbidity of bipolar and anxiey 


psychobiology. and treat 


ee ee et 


eres 


<= 7 
et SS 


[38] Freeman MP, Freem 
disorders: prevalence, 


68: 1-23. 
liamonte A, Tolu P, De Montis M. Animal models for 


[39] | Gambarana C, Scheggi S, Tag 
the study of antidepressant activity. Brain Res Brain Res Protoc 2001;7: 11-20. 


[40] Glendinning JI, Gresack J, Spector AC. A high-throughput screening procedure for 
identifying mice with aberrant taste and oromotor function. Chem Senses 2002;2': 
461-274. 

[41] Gorenkova N, Kunert J, Berger S, Strekalova T, Bartsch D. Gene expression profiling 
in stressed mice with and without depressive-like syndrome. Proceedings of EMBO 
conference of Young Investigator Awardees 2005. http://www.embo.org/about embo 
EMBO_AR_2005.pdf. | e 

1) aimee R, Fiske E, Bjorvatn B, Sorensen E, Portas CM, Ursin R. Effects! 

s on sexual behavior, locomotor activity and consumption of suctost 


-— 


SE Oe ele 


— 
Sees ae 


[43] Hamilton M. | nt of a rating scale fc 
| pret (Dé as anes rating scale for primary depressive ilIness. Br J 5 
4] Harkin A, Houlihan 1 Kel ARE : 


7 5 
ee 


ISO RL, LOT 


Optimization of the Chronic Stress Depression Model in C57 BL/6 Mice 


——___ 


1S] 
Hatcher JP, Bell DN, Reed TJ, Hagan JJ. 
a ,) 


; Chronic mild stress-induced 
accharin intake depend upon feeding status. | Psychopharmacol | 
S 
338.52. 


Hayward C, Wilson KA, Lagle K, Kraemer HC, Killen 
developmental psychopathology of social 
2007 Mar 8; [Epub ahead of print]. . 
Heiderstadt KM, McLaughlin RM, Wright DC, Walker SE, Gomez- 
effect of chronic food and water restriction on open-field beh 
rticosterone levels in rats. Lab Anim 2000;34: 20-28. 

ae es A, le Guisquet AM, Vogel E, Millstein RA, Leman S, Belzung C. Early life 
‘ae epigenetic and environmental factors shaping emotionality in rodents. 
Sahil Biobehav Rev 2005;29:1335- 1346. ; Cs 
Igarashi E, Takeshita S. Sa ws nigra and handling upon rat open fie 
ego oe es Tingstrom A, Papp M, Wiborg O. Hippocampal 
ae sonelates to escitalopram-mediated recovery in a chronic mild stress rat 
sine of depression. Neuropsychopharmacology 2006;31: 2395-2404. ss 
Kalveff AV, Gallagher PS, Murphy DL. Are serotonin transporter knockout m 


reductions in 
997;11: 331- 


JD, Taylor CB. The 
anxiety in adolescents. Depress Anxiety 


Sanchez CE. The 
avior and serum 


and human depressive disorders. Neurosci Babee she. 


pharmacological sensiti it 


patane’ rhs " 
| k M podhorna / Mi 
jak IN 
\6 | rs 


( inl | 
withdrawal experi i 
{{_ Dvetienl nf 
‘ “ ’ Wy }¢ Mor nu 
, oan ) ani i J’ chopharma Olt); 


) Lae schizophrenia 
{68] ie Pen : i 


neurod velo| 
02161 iid) 
Dumont M 


ol 
yrental rit model 9 


waki ?, (naracterizaty 
vata F, | jpkow 
Lanquart iP, Jury 


(69| | ejatectt . in acutely depre! detrended fluctuation ana 
tt a 007 118; 9AO 9450 
) NV, Kudriaviseva NIN 
1 mii in male mice of CBA/La etrain: the effect of repeated experi 
renert S : 


; + Pavlova 2003;53: 68-93 
gion. Zh Vyssh Nerv Detat Im IP Pavlo 


sed men Using 


Neurophysiol 


| [he development cyf 
ry, Mikhnevien 


(71) a Ut V, Bogetto F, Weight gain during long-term treatment 

| obsessive-compulsive disorder: a prospective comparison between serotonin reuptai 
inhibitors. J Clin Psychiatry 2004;05: 1365-1371, } es: 

\72| Malkesman O, Braw Y, Zagoory Sharon O, Golan O, Lavi Avnon Y, SX hroede M4 
Overstreet DH, Yadid G, Weller A Reward and anxiety in genetic animal models | 
childhood depression, Rehav Brain Res. 2005:164; 1-10, 

(73] Matthews K, Forbes N, Reid IC. Sucrose consumption as an hedonic measui 
following chronic unpredictable mild stress. Physiol Behav 1995:57: 241-248. 


(74] McArthur R, Borsini F, Animal models of depression in drug discovery: a historic 
perspective. Pharmacol Biochem Behav 2006;84; 436-452. 
(75} Miller G. Informational processing deficits in anhedonia and perceptual aberration: 
on psychophysiological analysis. Biol Psychiatry 1986;21; 100-115. 
) 


res: YS, Belzung C, Crusio WE. Effects of unpredictable chronic mild stress" 

177) os ne behavior in mice, Behav Brain Res 2006:175: 43-50. 
sucrose bates. tf care A, Simon VM, Brain PF, Willner P. Attenuation of 
Psychopharmacology ae by chronic mild stress and its restoration by imipram'”™ 

[78] Moreau JL, Jenck ‘ sexe 19953117: 453-457. 

prevents chronic ceetanas hein Haefely WE. Antidepressant treatmet! 


legmentum self-sti ) “induced anhedonia as assessed by ve"? 
self-s pie onia as assessed ¢ ; 
49, ‘mulation behavior in ra As 


Moreau JL, Sch ' Is. Eur Neuropsychopharmacol 1992,6: 
Mir Sete Pharmacol en Seapid and curative effec’ : 
(81) ae gh erat health policy-lessons from global 
ensen AL. Reliabili ; 


animal welfare, es ee chronic mild stress paradigm: implication 

: ysiol B, a ee aah: 
hronic ultra-mild oes MC, Perez-Diaz et Sci 2001;36: 266-274 = 
tisk Situation Mproves iT ’ Chapouthier G, Cohen-S2 : ‘ 


yrder 


Behav Brain Rex 2004: 198, ee j mice | 
Pain Res 2004155: 265.973, of B6D2F 


Optimization of the Chronic Stress 


Depressio 


. Model in C57 BL/6 Mice 153 
Nestler EJ, Gould E, Manji H, Buncan M, Duman RS, Greshenfeld HK, Hen R, 
Kester S, Ledehendleer I, Meaney M, Robbins T. Winsky L, Zalcman, S. Preclinical 
models: Status of basic research in depression. Biol Psychiatry 2002:52: 503-528. 
Newport DJ, Stowe ZN, Nemeroff CB. Parental depression: animal models of an 
dverse life event. Am J Psychiatry, 2002; | 59(8):1265-1283. 
vii CK, Arnt J, Sanchez C. Intracranial self-stimulation 
as hedonic measures following chronic mild stress: inters 
differences. Behav Brain Res 2000;107: 21-33. 
Nutt DJ, Ballenger JC, Sheehan D, Wittchen HU. Generalized 
comorbidity, comparative biology and treatment. 
2002;5: 315-325. . 
O'Callaghan MJ, Croft AP, Little HJ. Effects of intraperitoneal injections of saline on 
the alcohol and sucrose consumption of C57/BL10 mice. Psychopharmacology 
(Berl) 2002; 160: 206-212. 
Papaioannou A., Gerozissis K., Prokopiou A., Bolaris S. and Stylianopoulou F. Sex 
differences in the effects of neonatal handling on the animal’s response to stress and 
the vulnerability for depressive behavior. Behav Brain Res 2002;129: 13 1-139. 
| Papp M, Nalepa I, Vetulani J. Reversal by imipramine on serotonergic and beta- 
: seca gic receptor binding in a chronic mild stress model of depression. Eur J 
Pharmacol 1994;261: 141-147. 


and sucrose intake differ 
train and interindividual 


anxiety disorder: 
Int J Neuropsychopharmacol 


A, Jalfre M. Behavioral despair in mice: a primary sereening test 
rch Int Pharmacodyn Ther 1917;229: 327-336. 


Ps, 


di 


trekalova 


Tatyana S 


| SEE eee sien C, Self DW: Enhanced acquisition of cocaine .. 

foo}, Rui-Durantez 5 ; ae Sen o06 186 ca 
ministration > - ground. Psychopharmac <i a8 6,186: 553.569 
nonpreferring outbred ti eae anxiolytic-like drug siege of Mice testeg as 

[101] Sanchez gence <i Eur Neuropsychophar macol 1997;7: cen | 
black and white test °O™ Henn FA, Vollmey? B. Reduced sensitivity to sue. 

So Se ear a study using the matching law. Behav Pharma, ; 
in rats 


: eres Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee | 
[103] San ; , : 


Duman R, Arancio O, Belzung C, Hen R. Requirement of hippocampal neurogenes. 

ie for the behavioral effects of antidepressants. Science . “oe : -. 

i [104] Sapolsky R. Why stress is bad for your brain. Science 19 : °273: -750. 

[105] Schoenecker B, Heller KE, Freimanis T. Development 0 stereotypies and polydipsia 
in wild caught bank voles (Clethrionomys glareolus) and their laboratory-brej 
offspring. Is polydipsia a symptom of diabetes mellitus? App! Anim Behay Sj 


2000;68: 349-357. 
[106] Sheline Y, Wany P, Gado M, Csernansky J, Vannier M. Hippocampal athrophy in 
Proc Natl Acad Sci USA 1996;93: 3908-3913. 


recurrent major depression. 
[107] Shelton Cl. Long-term management of major depressive disorder: are differences 


among antidepressant treatments meaningful? J Clin Psychiatry 2004;65: 29-33. 
[108] Skuse D, Albanese A, Stanhope R, Gilmour J, Voss LA. New stress-related syndrome 
of growth failure and hyperphagia in children, associated with reversibility of growth 
hormone insufficiency. Lancet 1996;348: 353-358. 
[109] ort DA, — AS Cryan JF. Evaluation of reward processes in an animal model 
depression. Psychopharmacology (Berl) 2007;190: 555-568. 
Relationships between mesolimbic dopamine function a™ 


Circadian rhythms and depression: eff * 
999;276: R152-R161. | 
| clinical heterogeneity *™ 

shy DL (editors). Advances" ‘ 

6; pp. 21-38. 


(117) 


(118) 


(119) 
(120) 


(121] 


(122), 


Optimization of the Chronic Stress Depression 


Model in C57 BL/6 Mice 


15 


sirekalova T, Gass P. Behavioral strategies in mice CS7BL/6N with different 
‘dividual vulnerability to stress-induced anhedonia, In: 


> Mechanisms of stress- 
resistance. MOSCOW NIINF, Sudakov (editor) 2002; Pp. 160-168. 
Saas T, Spanagel R, Bartsch D. Henn FA. Gass P, Stressed 


in mice is associated with coping and exploration defj 
Suppl 1S 70. 

Strekalova T, Berger S, Leimer U, Beck C, Pesold B, Weber D, Ba 
stress-induced anhedonia in mice with control for chronic stress: 
anhedonia are distinct. Proceedings of the 33" Annual Meeting of American Society 
for Neuroscience. 2003b; http://sfn.abstractcentral.com/main, html. 

Strekalova T, Frynta D, Berger S, Henn F » Bartsch D. Soc 
intruder test predicts individual 
C57BL/6N mice. Abstracts of the 
2004;13: 36. | 
Strekalova T, Spanagel R, Bartsch D, Henn FA, Gass P. Stressed-induced anhedonia 
in mice is associated with deficits in forced swimming and exploration. 
Neuropsychopharm 2004;11: 2007-2017. . lati 
Strekalova T, Spanagel R, Bartsch D, Gass P. Chronic stress induces hyperactivity in 


-induced anhedonia 
cits. Behay Pharm 2003; 14: 


rtsch D. Model of 
features of stress and 


ial behavior in a resident- 
vulnerability to stress-induced anhedonia in 
International Behavioral Neuroscience Society. 


anxiety and forced swim tests in mice: implications for depression model. 


-Psychopharm Biol Narcology 2004;4: 763. 


Behavior”, St. Petersburg, 2005: 25. _ ed 
ova N, Bartsch D. Distinct behavioral and cognitive _ 
cl stress in a new model of s-induce 


[131] Tonissaar M. 

preferen 
32 ie i B. sajehiatric side effect of 
ie prevalence, proposed mechanisms and future directions. J Clin Once 
hal W, Kumar A. Neve RL, Nestler EJ. ; 


O, Rent 
se model of depression and antid orang 


(133] 

in regulation in 4 mou 
2906:9: 519-525. 
stress depression model in mice. In: Social characteris 
mice and their physiological correlates: twO studies. Diploma work at the de mm 
of zoology, Charle’s University in Prague. 2004; 2-32. = 
[135] Valentinuzzi VS, Buxton OM, Chang AM, Scarbrough K, Ferrari EA, Takahashi j; 

r response to an open field during C57BL/6J active and - : ; 


Turek FW. Locomoto 
phases: differences dependent on conditions of illumination. Physiol Behav 2000.6 


269-275. 
fine sees Rudrauf D, Lepicard EM, Berthoz A, Jouvent R, Chapouthier G. Bal 
ance 


control and posture in anxious mice 
© ae nie improved by SSRI treatment. Neurorepor 
: 137) Vogel G, Neill D, Hagler M, K 
i ors D. A new animal model of end 
| ogeno sion: 
ves (ganna Biobehav Rev 1990;14: See —. 
——— an | der Harst JE, Leus IE, Van den Bos R, Spruijt BM. 
results in long-term impaired reward- and 
rain Res 2000;117- 137-146. 
- Be : ic evaluation of escitaloprat 
ession in the United Kingdom. Cl" 


action. Nat 
[134] Vachova H. Chronic 


Optimization of the Chronic Stress Depression Model in CS7 BL46 Mice 


Willner P. Validity, reliability ang utility of the Chronic mild Stress model of 
depression: a 10-year review and evaluation. Psychopharmacology 1997;134: 319. 
329. 


9] Willner P. Chronic mild stress (CMs) 
(4 


revisited: consistency and behavioural- 
neurobiological concordance in the effects of CMS. Neuropsychobiology 2005;52: 90- 
110. 


(148] 


50] Yalcin I, Aksu F, Belzung C. Effects of desi 
(1 ‘ 


pramine and tramadol in a chronic mild 
stress model in mice are altered by yohimbine but not by pindolol. Eur J Pharmacol 
2005;514:165-174. 


vioral Models in Stress Research 
a 


in: Beh AN. Kalueff and J.L. LaPorte, Pp. 159-183 


editors: 


Chapter 7 


DOMAIN-ORIENTED ANALYSIS FOR UNDERSTANDING 


MOLECULAR INTERACTIONS AND TRANSLATING 
ANIMAL GENETIC MODELS INTO 
NEUROPSYCHIATRIC DISORDERS: FOCUS ON 

_ SEROTONIN TRANSPORTER AND BDNF 
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In this chapter, we will discuss how analysis of different behavioral and physiologic 
conan in genetic animal models may optimize further experimental research in this field 
he will also argue that these approaches can be used to pursue another far-reaching goal: t0 
ae hen brain PROpORRES and their potential molecular underpinnings. To illustrate 
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BDNF is another key brain molecule- a member of the nerve-growth factor family of 
geurotrophic factors [46, 69, 90, 110, 123, 147, 148, 150, 160]. It is the most abundant brain 
geurotrophin that regulates neuronal survival, migration, axon and dendrite growth and the 
ctivity-dependent synaptic development [10, 29, 32, 89, 91, 92, 110, 111]. BDNF is an 
important modulator of dopaminergic, cholinergic, and Serotonergic neurons, implicated in 

ic vesicle function and synaptic plasticity, leading to specific alterations in behaviors, 
including memory, activity, eating behavior, depression and anxiety [9, 12, 13, 15, 17, 19, 24, 
34, 84, 91, 114, 116, 120, 131, 176]. 

As can be seen in Table 1, numerous clinical and animal studies have implicated 5-HT, 
SERT and BDNF in pathogenesis of anxiety, depression, autism, schizophrenia and other 
brain disorders. Moreover, mounting clinical and experimental evidence (summarized in 
“Tables 2 and 3) indicates that these molecules not only are both involved in the regulation 

brain normal and pathological mechanisms [111], but directly interact at many levels in 
complex neuropsychiatric phenotypes [14, 80, 82, 112, 155, 156, 159]. 
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Animal Genetic Models of S-HT/SERT and BDNF Dysregulation 


SERT and BDNF are especially interesting genes for experimental modeling 
neuropsychiatric disorders [79, 101]. For example, human variants at both the SERT and 
BDNF gene loci have been implicated in affective disorders, OCD, autism and poly-substance 
abuse liability [1, 20, 30, 31, 54, 68, 81, 125, 145, 180] (Table 1), strengthening the 
importance of studying these two genes and their interactions [37, 122] using animal 
experimental and genetic models. 


_ SERT-/- mice 


Aberrant brain development 


ote ees seins RI TON Sa Beare 


secon. Justin ! 
; Ren-Patterson. Justi 
164 | | * 
5 action atiec 
SE ; and ful 
Sn tial SERT | ters 1 
references in animé Br jehuevic 

pifference- : | . 
oe Bea _ nociceptive respons 

inc g agg . . 

an behaviors, © a2, 157 “i 


9 “ 
and alcohol [27, ie [18 181] and rats [65] have | 


/.) mice demonstrate elevated extracellular 5-H1 
(-/-) 1 behavioral abnormalities [2, 7, 61-64 


circadi 
drugs like cocaine 
based on targeting 
SERT knockout 
i eptor: 
f some 5-HT receP 
h multiple affected domains that seem 


literature. 
regulation fe) 
103, 183], wit 


. phenotype (Fig: 1). : * — aa 
the mouse pears sts jomain-oriented analysis to dissect different behavioral ani 
Sige types in these mice. For example, reduced activity (hypolocomotio, 
enoty 


ty domain) and skeletal anomalies in SERT-/- mice are 
likely to affect their performance in various behavioral tests, such . eo Open 
field (anxiety domain) or the forced swim or tail suspension tests ( ee seron- ike despair 
domain) [74]. While these multiple factors, acting together, may affect our interpretations o 
animal behavioral phenotypes, 4 focus on domain interplay may help elucidate this problem, 
Another example of the importance of examining several domains simultaneously is the 
relation between obesity, anxiety and inactivity in SERT-/- mice. Since SERT-/- mouse 
obesity develops later in life than anxiety and hypoactivity (own systematic observations 
across three different strains), it is possible to conclude that hypoactivity or anxiety may lead 
to obesity in this model, and not vise versa. Moreover, the fact that heterozygous SERT+- 
mice do not have overt obesity or hypoactivity, but still develop anxiety-like behaviors 
permits a clearer focus on SERT-related anxiety and dissects it from obesity of activit 
domains [74]. 

Similarly, while reduced aggression in SERT-/- mice [63] may be partially explained by 
their hypoactivity, social deficits or anxiety, SERT+/- mice (with normal activity and social 
a ree eee 
by unimpaired short- and tee si bes pore! peewee domain (as evidence! 
findings confi : ae memory [73]) in SERT+/- and -/-mice, sa 

g irm that aggression domain is indeed affected by SERT mutation and not due !0 


It re y; g : ( ety : 1ains see similar : c 


to interact with each other in deter, 


physiological ph 
domain), increased body weight (obes! 


Likewise, data ae 
tests and genetic irene 8 on depression domain in SERT-/- mice across differen! 
(the tail suspension and the La pe ae popular “behavioral d espair” mo dels of depres 
‘ ; im tests), ; 
mice on different genetic abe several groups have examined depressive 


in SERT-/- 
unds. These studies have shown that SER!” 


mice on 12986 background exhibit i 
; exhibit in ir (i 
produce a surprising antidepressant- be eit) ee ais ane 


li : q 
(64, 104}. In contrast, mutants on C eet of immobility in the tail suspers!" 4 


. Si 
and forced swim behavior [S5, 64, ie background displayed unaltered tail suspen" 


This situation is not 
nature of behavioral 
the case of SERT- 


sion 
ness 


uncommon in beha ‘ the 
tasks can often inf] vioral research, as genetic background and 


: influenc d 5 
/- mice, given th © the phenotype in question [119. 174 Ui 


backgrounds es) at 
and forced - and apparently incomparnic ©! 2 Consistent phenotype actoss et 
explanation, j » WE need an exp n-related findings in the tail < one 

ults: * 


ete Itt 
of motor/musculo-skeletal abnormalit® 


oe 


Domain-Oriented Analysis for Understanding 
Bei ng Molecular Interactions 


165 


eee 


i 


eri mice (see [74] for details), coinciding with, and the 
gine in 129 background strains [75, | 19], and accompanied by a non 
depressant) phenotype of SERT mutant mice. Thus. 
spoormalities would be consistent with low activity levels seen j 
“ovelty tests and other tasks (such as the forced swim test) that 

‘ih physical activity, while allowing the mouse to stil] 

suspension test, which does not require a high degree of 

reduced immobility in the latter task indicates that de 

f depressive” phenotype does not adequately 

motor/muscular impairment a reasonable alte 


Te y > . =) 
efore strengthened by. Similar 


-depressive (Or even 


Strain as 
le, making the 
t, a well-known 


i [113] greatly compromises the 
validity of the tail suspension test results using mice on this background, with mice of all 


genotypes (own unpublished observations) producing this behavior frequently during a 6-min 
trial. Therefore, caution is needed when considering SERT-/- mice on C57BL/6 background 
as “unaffected” in the tail suspension test. In fact, it is the combination of lower overall motor 
activity in SERT-/- mutants, and strain-specific tail climbing in C57BL/6 background that 
may contribute to this phenotype, most likely confounded by the use of inappropriate test for 
this background. 

Again, given high dependence of some “despair” tests upon motor activity [152, 153], 
hypoactivity (consistently replicated in many studies using other tests) would seem to limit 
the utility of these tests in SERT-/- mice. In addition, high baseline anxiety in SERT-/- mice 
| ecifically affect the tail suspension and forced swim performance in these mice, 


phenotype in SERT-/- animals cannot be solidly established by 


e (such as forced swim and tail suspension tests), and 
ess deper , doma 


stin | 
Patterson Just 
> Ren-Fé 
ff. Renee | Re 


A |lan V. Kalue 
160 Se eae BDNF 
SERT-/- mice ee 
ne Spatia 
: Serotonin memory 
Monoamine dysregulation dysregulation t Foo 
0 (j -HT) rare t Obesity intake 
ivity | t Obesity tAc 
ee Cocaine —_t EthanoI 
ae t Anxiety reward intake 
{Social + Anxiety - 
i 3 ; CPSRISS sion A . 
: sles - aa: t ee § f Aggres | Nociception 
PAgeresh —. rewa 


ve | Spatial memory 


SERT-/- x BDNF +/- mice 


i : || Spatial memory 
Monoamine dysregulation tt Anxiety 
(|| 5-HT, dopamine) 


|| Hippocampal dendrite 
density and branching 


i i urotrophic 
Figure 2. Domain architectonics in 5-HT transporter knockout (SERT-~-/-), ae Not ‘ that 
factor heterozygous knockout (BDNF +/-), and double mutant (SERT-/- xB ed | - 
only selected disordered domains are presented (gray) for each genetic model (7 ; tae (SERT#/-% 
decreased profile). Exacerbation of the respective known domains in the double knoc Bees 
BDNF +/-) model, as a result of genetic interactions, is marked with black color and dou 


; : 34, 39, 

BDNF mutant mice have also been a useful tool in neurobehavioral research oe of 

155]. For example, BDNF conditional knockout mice display severe Seas 137} 
postsynaptic 5-HT receptors as well as hyperactivity, anxiety and obesity [15°. 


2 : lation. 
Likewise, BDNF+/- mice exhibit several phenotypic features, including 5-HT dysregu 
increased motor activity, 


: : ; : reduce 
aggression, anxiety, obesity, ethanol/food intake, and 
nociception, cocaine rewar, 


117, 
d and hippocampal learning [17, 39, 52, 56, 59, 87, 107. 108; 
133, 134, 139] (Fig. 2). Collectively, 


| for 
this makes BDNF+/- mice an indispensable a 
biomedical research (also see Table 3). ting 
However, most pronounced Physiological and behavioral changes, strongly SUPP” 
the importance of SERT-BD 


-/- X 
NF interactions, have been observed in a double SERT’ . 
BDNF+/- knockout mou 


se model (Fig, 2 


Physiological traits 


Body weight 


Stereotypies 


SS 


K<NS Emotionality 


SYA 
i tions > Despair 
Gene x Gene interac 
; Molecular interactions 


Brain neurochemistry 
Other traits ° 


ren-Patte! on 


\ Kalu ff, Renee ! 
n} +] 
SER! and 5-HT are presen! not only in ™ 
{ in met sbolic functions and responses '° stres 
isms are affected 1 


1 mechan 
this may 


5-HT BDNF-mediates 
be mediated b 


echanisms for 


halamus pat 
hormone fr 


and pe 

BDNI mice. f the m 

one that originates from hypo! aventricular nucleus, 
om the pituitary into 


horm 

the release of adrenocorticotropic 

Furthermore, stress-induced obesity SY) 22s 138] is believed to be 
tin [149], although other important n 


_ 5-HT, SERT and BDNF) ha wom 


d-induced resistance to lep 
lly associated witl 


(40, 93. 94] (potentia 


glucocorticol 

mechanisms 
been reported. 

SERT+/+x BDNF+/+ SERT-I- x BONF+/ 

+- 


SERT+/+ x BDNF+/+ SERT-/- x BDNF+/- 


rah, Ghee 


H ; 
ypothesized mechanisms of action 


BDNF — 
eptin 
SERT -/- xX B 
DNF +/- L . 
eptin 


ae | : 


H 
Feodintake er 
n Action? Peripheral Tissues 
asetagy metabolism 
nergy expenditure 


Insulin action | 


Figure 4, Li 
. Life 
BDNF+/- ae 


g SERT an 
d BD 
ouble- eficie 
le mutant mi Ncy and Stres 
ce show more S result in adult. 
-onset obesity in SERT~- * 


e mutan 
lant mice) genoty 
; Significant j 
pes t inc i 
rease in body weight than other 


) in do ions j 
uble- ons in : 
“mutant dendrites (especially in multipl 
j- mice 


gen 


(Fi 


pomain-Oriented Analysis for Understand 
omé 


ing Molecular Interactions... 169 


se morphological changes suggest that the de 
ig. 5). Agta the development and growth of dendrites - the structur 
jgnificantly . rite Furthermore, the double-mutant mice showe 
-rucial for Sst (compared with any single-mutant mice: R Ren-Patterson et 
in the nt ta). This may indicate aberrant hippocampal memory cause 
upublishe’ ee (but also does not exclude othe 
ied navigation and exploration). 
qs 1m 


letion of BDNF x SER 


genes 
al elements that are 
d poorer performance 
al., 
d by abnormal 
t hippocampal abnormalities, such 


Ah “a 
j Nat 


) Justin | 
ee Ren Patterson 
Allan ¥ Kaluell Renet I 
170 llat 
3DNI mice do not ha mari 


and | 
robust 


mice 
reduction n 


SERT-/- 
mutant mice 
another typ® 
ty and obesity 


je], showing 


A |so, although een 
displé 
the double pial 
of interaction 
| 


abnormalities. 
seen In both sing! 


134], thus showing 
are 


soulations, 4! 


ysre 
he double mutant moc 


es for these three 
domains 
and co-modulation For 


striatum [1 a3 
lly, while 5-HT d 1X1e 
erated in t 
tic influence 

dissection of 
wo genes in their r 
additive gene 
ving additive 
hat specific physiological abnormalit 


a8 an additive natut 
they are exage 
SERT and BDNF gene 
qa further 


phenotypes 
different may be possible in thi 
egulation 


Clearly. 
tic influences from SERT and BN 


dating the role of the t 
em to have non- 
while obser 
pports the idea t 
at simply inactivity per se, ma) be responsib| 
While different other ei-tama 


eluci 


nove, We SE 
influences on anxiety and o| 


the motor activity domain, 
domains. This observ ation further su 
in SERT-/- x BDNF+/- mice (Fig. 4), rather th 
for high-obesity phenotype in these double mut 
may be involved, analyses of individual domains such 
ng of complex abnormalities in SERT-/- x BDNF+/- mutant mice. 


mentioned at 


ant mice. 
as those presented here, will better o 


understandit 


CONCLUDING REMARKS 
In addition to the vital rol ERT ? ; 
ite ae coer eH aera and BDNF play independently of each other. it is 
a cas ic tg) <2 NS numerous levels and play an integral part in the 
8 of physiological and behavioral functions 2 7 (To : 
evidence, as summarized in this c ctions (19, 82, 133-135] (Tables 1-3). This 
ERAN ESR he is. chapter, powerfully demonstrates that this linked 
denoted ease See! (Pie co-modulation of a range of neural mechanisms 
another interesting phe te eA an active part in this regulatory process adding 
lantlatt . e interplay b mY ss, adding 
elucidation of such ; play between SERT and Pee ay or 
: : mecha 5 : and BDNF (Fig. 3). The 
investigation into the otra ie oak encouraging potential for novel rasreges of 
possibilities for innovati common and devastati i , vt 
ovative ex ing brain maladies. With the ne 
animal models that f exploration, there arises the necessity f i a — 
cia dee oster treatment-oriented re ‘ cessity for developing releva"! 
based brats on the development and See Given the importance that genel 
an : ; a : ae 
SERT x Basti or transgenic mice are ideal ca sy of many disorders, genetic move 
mutant mice are particularly pron lidates for this task. SERT, BDNF. *™ 
y promising models b : 
ecause of they have bec? 


shown to be : 
pertine 

Mies hha nt analogues of many pre 
avioral research co prevalent human disorders 


tom either SERT ae 


pomain-Oriented Analysis for Understanding Molecular Interactions 


——— <a he 
ACKNOWLEDGEMENTS 


sis study js supported by the Intramural Research Program of the National Institute of 


fetal Health (NIMH/NIH, USA) and NARSAD YI Award (to AVK), 
Men 


REFERENCES 


HM. Abdolmaleky, S. Thiagalingam, M. Wilcox, Genetics and epigenetics in major 
psychiatric disorders: dilemmas, achievements, applications, and future scope, Am J 
Pharmacogenomics 5 (2005) 149-160. 
R. Adamec, P. Burton, J. Blundell, D.L. Murphy, A. Holmes, Vulnerability to mild 
predator stress in serotonin transporter knockout mice, Behav Brain Res 170 (2006) 
126-140. 
T. Adayev, B. Ranasinghe, P. Banerjee, Transmembrane signaling in the brain by 
serotonin, a key regulator of physiology and emotion, Bioscience reports 25 (2005) 
363-385. 
GK. Aghajanian, Serotonin-induced inward current in rat facial motoneurons: 
ae ce for mediation by G proteins but not protein kinase C, Brain Res 524 (1990) 
ae : : e riee Pe eee | eae ert a TRS ir ais as eee y Aye 


‘Vy sal 


ait wages 
St iia 


rson, Justin L. La Porte e 


BDNF in schizophrenia 
10 (2005) 345-352. 
rived neurotrophic factor and t,, 


the, 
F. Angelucci, ‘ _ A.A. Ma woe 
corresponding an , Mol Psycmatr. 
F. Angelucci, A.A. Mathe, L. Aloe, Brain-de ic | 
kinase receptor TrkB in rat brain are significantly altered after haloperidg) .. . 
risperidone administration, J Neurosci Res 60 (2000) 783-794. a 
F. Angelucci, A.A. Mathe, L. Aloe, Neurotrophic factors and CNS disorders: fp 


dings 
in rodent models of depression an 
(2004) 151-165. 
M.S. Ansorge, M. Z 
HT transporter alters emotio 
A. Bartoletti, L. Cancedda, 
Maffei, Heterozygous knoc 


d schizophrenia, Progress in brain research \ 


hou, A. Lira, R. Hen, J.A. Gingrich, Early-life blockade of the « 
nal behavior in adult mice, Science 306 (2004) 879-88 a 
5 W. Reid, L. Tessarollo, V. Porciatti, T. Pizzorusso 1 
k-out mice for brain-derived neurotrophic factor show . 
pathway-specific impairment of long-term potentiation but normal critical period fo, 
monocular deprivation, J Neurosci 22 (2002) 10072-10077. 
D. Bengel, D.L. Murphy, AM. Andrews, C.H. Wichems, D. Feltner, A. Heils. R 
Mossner, H. Westphal, K.P. Lesch, Altered brain serotonin homeostasis on 
locomotor insensitivity to 3, 4-methylenedioxymethamphetamine ("Ecstasy") in 
serotonin transporter-deficient mice, Mol Pharmacol 53 (1998) 649-655. 
| O. Berton, C.A. McClung, R.J. Dileone, V. Krishnan, W. Renthal, S.J. Russo, D 
ze eg C.A. Bolanos, M. Rios, L.M. Monteggia, D.W. Self, El 
ite ae sential gene BDNF in the mesolimbic dopamine pathway in social defeat 


types in European-American male 
can-American smokers, Am J 


SI 


y and comorbidities?, Obes 


urbank, Los Angeles 


ain-Oriented Analysis for Understanding 
Domalt- : 


Molecular Interactions... 173 


Carter, C. Chen, P.M. Schwartz. 
ee cerebellar plasticity and syn 
m 
ee T.E. Moffitt, Gene-environment interactions in 
- tian Nature reviews 7 (2006) 583-590. 
with 8 K. Sugden, T.E. Moffitt, A. Taylor, 1.W. Craig, H. Harrington, J. McClay, J. 
Sn A. Braithwaite, R. Poulton, Influence of life stress on depression: 
Mill, J ‘on b " polymorphism in the 5S-HTT gene, Science 30] (2003) 386-389. 
er ; Siuciak, T.M. Tran, C.A. Altar, J.M. Tepper, Local infusion of brain- 
S Fe cteehcs factor modifies the firing pattern of dorsal raphe serotonergic 
= Brain Res 712 (1996) 293-298. ; 
es, i, R.H. Kang, S.W. Lim, K.S. Oh, M.S. Lee, Brain-derived neurotrophic 
eat polymorphism Ray apenas citalopram response in major depressive 

j 176-182. 
disorder, obra ella B. Zorner, C. Zacher, U.E. Lang, F.A. Henn, H. 
: ee Gass Mice. with reduced brain-derived neurotrophic factor exprpegien 
Section sholing acetyltransferase activity, but regular brain monoamine levels 
=ceing emotional behavior, Brain Res Mol Brain Res 121 (2004) 28-36. _ | 
acess ioral phenotyping of transgenic and knockout mice: experimental 


R.A. Segal, Brain-derived neurotrophic factor 
aptic ultrastructure, J Neurosci 22 (2002) 1316- 


psychiatry: joining forces 


sun ney eo ei 


ne oe te .— 
PORE PAAR pt oo wh > 
ai Sk tr lt ltinete 


AR St er a —— ~ . 


[53] 


[54] 


a 
¢ Renee F Ren-Patterson, Justin | Lal 
‘alue e tibet 
an V. Kalvett, REET — 


A 
et a: ulos, S Pondiki, A. Stamatakis, E. pp; 
a head) taropo aa . affectc of a ~ Py 
7 get. panagio ‘ underlying the effects of an 
E. Garoflos 1, Cellular mechanisms et general psych ; 
Stylianopowle>, and affective states, Anna” . Psychiatr 
ser ties 
cognitive abit ’ ? ” ; 
esource] see ee Delgado, S.K. Service, K.M. Giacomini, R.}y Pak 
CE. Glatt, LA PN screening a large reference sample to identify y, 
ars Es ite comparisons between two genes, Nat Genet 1 1 
frequency seq¥ : 
435-438. i ; 
= Glatt, VL Reus, Pharmacogenetics of monoamine  transpo,. 
7 ater -596. 
genomics 4 (2003) 583-5 ; 
sages he ss Mader Tamowski, K.R. Jones, Brain-derived neurotrophic fe 
1A. Gorski, S.R. cortical dendrites, J Neurosci 23 (2003) 6856.64. 


i ired for the maintenance © . 
r : “Graeff F.S. Guimaraes, T.G. De Andrade, J.F. Deakin, Role of 5-HT in ¢,.. 


anxiety, and depression, Pharmacol Biochem Behav 54 (1996) 129-141. 
C. Gross, R. Hen, The developmental origins of anxiety, Nature reviews 5 (24, 


545-552. 
C. Gross, R. Hen, Genetic and environmental factors interact to influence anyiey 


Neurotox Res 6 (2004) 493-501. 

C. Gross, L. Santarelli, D. Brunner, X. Zhuang, R. Hen, Altered fear circuits jn ‘. 

HT(1A) receptor KO mice, Biol Psychiatry 48 (2000) 1157-1163. 

C. Gross, X. Zhuang, K. Stark, S. Ramboz, R. Oosting, L. Kirby, L. Santarelli, §. 

Beck, R. Hen, SerotoninlA receptor acts during development to establish normal 

anxiety-like behaviour in the adult, Nature 416 (2002) 396-400. 

See D.J. David, T. Deltheil, F. Chenu, E. Le Maitre, T. Renoir, I. Lerou- 

ee rte = Se L. Lanfumey, M. Hamon, A.M. Andrews, R. Hen, A. 

nL derived neurotrophic factor-deficient mice exhibit a hippocamp2l 

Be. Haine ey prema Pes Int J Neuropsychopharmacol (2007) 1-14 

serotonergic Meee ER ine Eaton, C.E. Hulsebosch, Subdural engraftment! 
8 spinal hemisection restores spinal  serotoni 


downregulates serotoni 
onin tran: . ; 
Res 913 (2001) 35-46, Sporter, and increases BDNF tissue content in rat, Brat" 


ain-Oriented Analysis for Understand} “a 
Domain Oriente pomyeia : derstanding Molecular Interactions... 175 


JG Hensler, E.E. Ladenheim, W.E. Lyons, Ethanol 


consumption and serotonin-1A 


(s-HTIA) receptor function in heterozygous BDNF (4/-) mice J Neurochem 85 


(0003) 1139-1147. 
4. Holmes, A.R. Hariri, The serotonin transporter 


; . ; i gene-linked polymorphism and 
negative emotionality: placing single gene effects in the context of genetic 
background and environment, Genes Brain Behay 2 (2003) 332-335, 
A. Holmes, Q. Lit, D.L. Murphy, E. Gold, J.N, Crawle 
behavior in serotonin transporter null mutant mice: 
background, Genes Brain Behav 2 (2003) 365-380. 

A. Holmes, D.L. Murphy, J.N. Crawley, Abnormal behavioral phenotypes of 
serotonin transporter knockout mice: parallels with human anxiety and depression, 
Biol Psychiatry 54 (2003) 953-959. 

A. Holmes, D.L. Murphy, J.N. Crawley, Reduced aggression in mice lacking the 
serotonin transporter, Psychopharmacology (Berl) 161 (2002) 160-167. 

A. Holmes, R.J. Yang, D.L. Murphy, J.N. Crawley, Evaluation of antidepressant- 
related behavioral responses in mice lacking the serotonin transporter, 
Neuropsychopharmacology 27 (2002) 914-923. 

JR. Homberg, J.D. Olivier, B.M. Smits, J.D. Mul, J. Mudde, M. Verheul, O.F. 

-Nieuwenhuizen, A.R. Cools, E. Ronken, T. Cremers, A.N. Schoffelmeer, B.A. 
Ellenbroek, E. Cuppen, Characterization of the serotonin transporter knockout rat: a 

selective change in the functioning of the serotonergic system, Neuroscience 146 

utive increases in central serotonin levels reduce social play 


y, Abnormal anxiety-related 
the influence of genetic 


tin 


or Ren-Patterson, justin L. LaPorte e 
Atlan V Kalueff, Renes F, Ren-Patt e etal 


176 
[75] A.V. Kalueft, P. puohimaa, “onto eiiling phenotypes in C57R)¢ - 
. 129081 SyimJ mice. Brain Res 1028 (20% ee i. ) F 
[76] ALY. Kalueff, P. ruohimaa, Experimental modeling of anxiety and depression = 
Neurobiol Exp (Wars) 64 (2004) 439-448. } | t 
alking’) murine test of anxiety, p, 
» OPA 


fuohimaa, The Suok (“ropew 
2005) 87-99. 


on, D.L. Murphy, 
animal modeling of anxiety and depression, Behay p 
WAIN 


[77] A.V. Kalueff, P. 
Res Brain Res Protoc 14 ( 
A.V. Kalueff, M. Wheat 
Advances and strategies in 
Res 179 (2007) 1-18. 

[79] A.V. Kalueff, M. Wheaton, 
neurotrophic factor, serotonin transporter, and depre 
Biol Psychiatry 61 (2007) | 112-1113; author reply 1113-11 15. 

A.V. Kalueff, M. Wheaton, R. Ren-Patterson, D.L. Murphy, Brain-Derived 
Serotonin Transporter, and Depression: Comment on Kautina 


What's wrong with my mouse mode! 
. Ode}? 


R. Ren-Patterson, D.L. Murphy,  Brain-deriyey 
; eX 
ssion: comment on Kaufman et a} 


Neurotrophic Factor, 
et al, Biol Psychiatry (2007). 
[81] T. Kato, Molecular genetics of bipolar disorder and depression, Psychiatry and 
clinical neurosciences 61 (2007) 3-19. satel 
[82] aS an ae Sees H, Douglas-Palumberi, D. Grasso, D. Lipschitz, S. Houshyar 
creas ae betas Sheen neurotrophic factor-5-HTTLPR na 
: (2006) 673-680, odifiers of depression in children, Biol Psychiatry 59 
3] JL. Kennedy, L.A. Farrer, N 
- Hh ate , oar t 
genetics of adult-onset Ene ene - ees St George-Hy Slop, The 
oe a (2003) 822-826, isease: complexities and conundra?, Science 
G. Kemnie, DJ. Liebl, L.F. Parada, BDN 
activity in mice, The EMBO j aa, argh regulates eating behavior and locomotor 
[85] _H. Kim do, H. Li, K.Y. Yoo, BH. Gai iic ne 
on ischemic cells and ssrnrassickn in pe ng, M.H. Won, Effects of fluoxetine 
ssions in BDNF and some antioxidants in the gerbil 


__ hippocampal CA1 region induced by t 
ee er sa Sebo es eee Seperinental neurology 204 


os . 1S. Shin, Y.H. Kim, J.S. Yoo 
1 St ptibili of -H’ Ty R and BDNF) 


5 in brain- 


> 


(91] 


(92] 


(93] 


[94] 


Domain-Oriented Analysis for Understanding 
(—) 


Molecular Interactions.. 


177 


D. Kuipers, C.R. Bramham, Brain-deriv aor 
ent in adult synaptic plasticity: Rg i tiahoe = Or mechanisms and 
Current opinion in drug discovery & development 9 (2006) aera for therapy, 
me i Se Ee ce JA. Den Boer, G.J. Ter Horst Molecular correlates of 
15 Sool ae ets : sO 
aie ee TO plasticity in response to chronic stress, J Neurochem 85 (2003) 
L.E. Kuo, K. Abe, Z. Zukowska, Stress, NPY and vascular remodeling: Implicati 
for stress-related diseases, Peptides 28 (2007) 435-440, areca 
L.E. Kuo, J.B. Kitlinska, J.U. Tilan, L. Li, S.B. Baker, M.D. Johnson, E.W. Lee, M.S 
Burnett, S.T. Fricke, R. Kvetnansky, H. Herzog, Z. Zukowska, Nemsonentiie Y fice 
directly in the periphery on fat tissue and mediates stress-induced obesity and 
metabolic syndrome, Nature medicine 13 (2007) 803-811. 

M.H. Larsen, H. Rosenbrock, F. Sams-Dodd, J.D. Mikkelsen, Expression of brain 
derived neurotrophic factor, activity-regulated cytoskeleton protein mRNA, and 
enhancement of adult hippocampal neurogenesis in rats after sub-chronic and chronic 
treatment with the triple monoamine re-uptake inhibitor tesofensine, Eur J Pharmacol 
555 (2007) 115-121. 

J.M. Lauder, Ontogeny of the serotonergic system in the rat: serotonin as a 

developmental signal, Ann N Y Acad Sci 600 (1990) 297-313; discussion 314. 

K.P. Lesch, Genetic alterations of the murine serotonergic gene pathway: the 


bing neurodevelopmental basis of anxiety, Handb Exp Pharmacol (2005) 71-112. 


- Serotonergic gene inactivation in mice: models for anxiety and — 


Novartis Found Symp 268 (2005) 111-140; discussion 140-116, 167-170. Y 


. Mo: activation of 5HT transport in mice: modeling altered 
Rae ga = ms affectin is r | somal 


a 
ee 


as 


ee aa 
pn rn : 


Tae Ie 


rr 
=e 


ae ee 
So aT LOSE A SE PD OTR 


ve -F Ren-Pé erson, Jusin &. -orwe 
Kalueff, pence F. Ren- PAT — a ———— 


178 Allan V. RE 
eaeneee ee vy. Coppola, S.W. R 
_ aA, Ricaurte, ¥- Soppola, »."- eid, S.} 
- tons, L-A- Mamounas: ©: ee eid, S.H. Bor 

[107] Ls eben tariaal _ Tessarollo, Brain-derived neurotrophic factor-der,.. ( 
inter, ag : 1. in CONT “tj ‘ ‘ “11Clengy 
mice develop aggressiveness and hyperphagi4 in conjunction with brain serotoners; 
abnormalities, Proc Natl Acad Sct 5A 96 (1999) I 5239-1 5244. TBic 
Ramakrishnan, s.p. Croll, J.A. Siuciak, G. Yu, L.T. Young yy 


[108] G.M. MacQueen, K. : , 
ance of heterozygous brain-derived neurotrophic factor knock 
.Out 


Fahnestock, Perform 
mice on behavioral analogues of anxiety, nociceptlo 
115 (2001) 1145-1153. 

[109] L.A. Mamounas, c.A. Altar, 
BDNF promotes the regenerative spro 
axons in the adult rat brain, J Neurosci 

[110] L.A. Mamounas, M.E. Blue, J.A. Siuciak, C. 
factor promotes the survival and sprouting © 


Neurosci 15 (1995) 7929-7939. 
[111] M.P. Mattson, S. Maudsley, B. Martin, BDNF and 5-HT: a dynamic duo in ag 
e- 


related neuronal plasticity and neurodegenerative disorders, Trends in neuroscie 
nces 


27 (2004) 589-594. 
[112] M.P. Mattson, S Maudsle i i 
5S. y, B. Martin, A neural signaling triumvi i 
ecaeit g triumvirate th 
se a age-related disease: insulin/IGF-1, BDNF and serotonin, A ont ens 
ee Hs (2004) 445-464. Alma 
J. Mayorga, I. Lucki, Limitations on th 
hee cts e use of the CS57BL/6 m i 
uspension test, eens (Berl) 155 (2001) 110-112. aan 
ee Orns: logge link among neurotrophins, activity, and 
3 4:96 (1999) 13600-13602. 
ing major depressive disorder and 


n, and depression, Behav Neur; 

ISCl 
M.E. Blue, D.R. Kaplan, L. Tessarollo, W.E. Lyon; 
uting, but not survival, of injured Sain 
20 (2000) 77 1-782. Ble 
A. Altar, Brain-derived neurotrophic 
f serotonergic axons in rat brain, J 


[114] 


[i24l 


[125] 


Domain Oriented Analysis for | Inderstanding Molecular Inter 


actions... 179 


M, Nibuya, E.J, Nestler, R.S. Duman, Chronic 


antidepressant 
the expression of cAMP response 


administration increases 


element binding proteir "RE 
| 1 (CREB 
hippocampus, J Neurosci |16 (1996) 2365-2372. ; eda 


K, Nishimura, K. Nakamura, As Anitha, K. Yamada, M. Tsujii, Y, Iwayama, E. 
Hattori, T. Toyota, N. Takei, T. Miyachi, Y. Iwata, K. Suzuki, H. Matsuzaki, M 
Kawai, Y. Sekine, K. Tsuchiya, G. Sugihara, S. Suda, Y. Ouchi, T. Saal vawns T. 
Yoshikawa, N. Mori, Genetic analyses of the brain-derived neurotrophic factor 
(BDNF) gene in autism, Biochemical and biophysical research communications 356 
(2007) 200-206. 

M.J. Owens, C.B. Nemeroff, Role of serotonin in the pathophysiology of depression: 
focus on the serotonin transporter, Clinical chemistry 40 (1994) 288-295. 

N. Ozaki, D. Goldman, W.H. Kaye, K. Plotnicov, B.D. Greenberg, J. Lappalainen, G. 
Rudnick, D.L. Murphy, Serotonin transporter missense mutation associated with a 
complex neuropsychiatric phenotype, Mol Psychiatry 8 (2003) 933-936. 

T. Panagiotaropoulos, A. Papaioannou, S. Pondiki, A. Prokopiou, F. Stylianopoulou, 
K. Gerozissis, Effect of neonatal handling and sex on basal and chronic stress-induced 
corticosterone and leptin secretion, Neuroendocrinology 79 (2004) 109-118. 

L. Pezawas, A.L. Goldman, V. B.A., V.S. Mattay, G. Chen, J.H. Callicott, B.S. 
Kolachana, R.E. Straub, M.F. Egan, A. Meyer-Lindenberg, D.R. Weinberger, 
Interactions of SERT & BDNF: A Complex Genetic Model of Depression. ECNP, 


180 


135] 


[136] 


[137] 


[138] 


[139] 


Justin L. LaPorte et al. 


eF. Ren-Patterson, 2 et al 


. X, Zheng, S. Sherrill, S.J. Huang, T. Tollive i. 


_Patterson, V-*- ; 
RF. Ren-Patt orgic-like progenitor cells propagated from neural stem cells in vitro. 
ion following implantation into brains of wg 

Ice 


V. Kalueff, Rene 


Allan 


neurotrophic factor in the postnatal brain lead. 
to obesity and hyperactivity, Molecular endocrinology (Baltimore, Md 15 (2001) 
1748-1757. 

M. Rios, E.K. Lambe, 
Jaenisch, G.K. Aghajani 
BDNF conditional mutant mic 
R. Rosmond, M.F. Dallman, 
relationships with abdominal 
abnormalities, The Journal of c 


1859. 
C. Rossi, A. Angelucci, L. Costantin, C. Braschi, M. Mazzantini, F. Babbini, M.E 


Fabbri, L. Tessarollo, L. Maffei, N. Berardi, M. Caleo, Brain-derived neurotrophic 
factor (BDNF) is required for the enhancement of hippocampal neurogenesis 
vy Fes ae enrichment, Eur J Neurosci 24 (2006) 1850-1856 

: ck, Serotonin transporters--structur i 
ae Rei e and function, The Journal of membrane 
G. Rudni i i i 
Se ETERS relationships in serotonin transporter: new insights 
a ares tes transporter, Handb Exp Pharmacol (2006) 59-73. 

udrauf enault, C. Cohen-Salmon, A. Berthoz, R. Jouvent, G. Chapouthier, A 


R. Liu, S. Teillon, J. Liu, s. Akbarian, S. Roffler-Tarloy, p 
an, Severe deficits in 5-HT2A -mediated neurotransmission ’ 
e, J Neurobiol 66 (2006) 408-420. 

P. Bjorntorp, Stress-related cortisol secretion in men: 
obesity and endocrine, metabolic and hemodynamic 
linical endocrinology and metabolism 83 (1998) 1853- 


neuronal phenotype in the 
: involvement of BDNF and 


el 


(150] 


151] 


(152] 


(153) 


(154] 


(155] 


main-Oriented Analysis for Understanding } 
oie derstanding Molecular Interactions 18] 
a le a 


Wereceied 8 


[H. Son, H.S. Chun, T.H. Joh, S. Cho, B. Conti. 


“es ‘ J.W. 
neuronal differentiation studies using substantia nj “ee, Neuroprotection and 


: tra do 
from transgenic mouse embryos, J Neurosci 19 (1999, A a ag cells derived 


T. Strekalova, N. Gorenkova, E. Schunk, O. Dolgov, 
citalopram in a mouse model of stress-induced anhed 
stress, Behav Pharmacol 17 (2006) 271-287. 


T. Strekalova, R. Spanagel, D. Bartsch, F.A. Henn, P. Gass, Str. 
ess-ind 
in mice is associated with deficits “induced anhedonis 


D. Bartsch, Selective effects of 
onia with a control for chronic 


in forced swimming and exploration, 


Neuropsychopharmacology 29 (2004) 2007-2017. 
T. Strekalova, R. Spanagel, O. Dolgov, D. Bartsch, Stress-induced hyperlocomotion 
as a confounding factor in anxiety and depression models in mice, Behav Pharmacol 


16 (2005) 171-180. 

K.J. Sufka, M.W. Feltenstein, J.E. Warnick, E.O. Acevedo, H.E. Webb, C.M. 
Cartwright, Modeling the anxiety-depression continuum hypothesis in domestic fowl 
chicks, Behav Pharmacol 17 (2006) 681-689. 

MLE. Szapacs, T.A. Mathews, L. Tessarollo, W. Ernest Lyons, L.A. Mamounas, A.M. 
Andrews, Exploring the relationship between serotonin and_ brain-derived 
neurotrophic factor: analysis of BDNF protein and extraneuronal 5-HT in mice with 
reduced serotonin transporter or BDNF expression, J Neurosci Methods 140 (2004) 


81-92. 
ME. are ALL. eee A.M. spittle Late onset loss of pb gees apes 5-HT ne 


182 


[165] 


[166] 


[167] 


[168] 


[169] 


[170] 


f171] 


(172] 


[173] 


[174] 


[175] 


[176] 


[177] 


[178] 


a F. Ren-Patterson, Justin } 
. yan V. Kalueff, Rene” F, Ren- 


ole of serotonin in early cor 
Vitalis, JG Parnavelas, The role of sero 

ae 95 (2003) 245-250. : E 

P.M. Whitaker-Azmitia, The discovery sid S 

-hopharmacology 21 (1999) 28-85. ce. 

a, Role of serotonin and other neurotransmitter recepty 

is for developmental pharmacology, Pharmacological ,, 


erotonin and its role 


Neuropsyé 
P.M. Whitaker-Azmiti 
brain development: bas 
43 (1991) 553-561. 

P.M. Whitaker-Azmitia, 
diseases, Brain Res 


Serotonin and brain development: role in hun 


developmental Bull 56 (2001) 479-485. 
P.M. Whitaker-Azmitia, M. Druse, P. Walker, J.M. Lauder, Serotonin as ; 
gnal, Behav Brain Res 73 (1996) 19-29. 
Eaton, M.C. Castro, K.J. Klose, M.Y. Globus, G. Shaw, §.R 
pathways control neurofilament expression - 


lized serotonergic neurons, J Neurosci \4 


developmental si 
L.A. White, M.J. 
Whittemore, Distinct regulatory 
neurotransmitter synthesis in immorta 


(1994) 6744-6753. 
M. Wichers, G. Kenis, N. Jacobs, R. Mengelers, C. Derom, R. Vlietinck, J. van Os 


The BDNF Val(66)Met x 5-HTTLPR x child adversity interaction and depressive 
xin me An attempt at replication, Am J Med Genet B Neuropsychiatr Genet 
S.A. Willis-Owen, J. Flint, The i i i : 

» J. 7 genetic basis of emotion in mi ‘ 
Hum Genet 14 (2006) 721-728. al behaviour in mice, Eur J 
S.A. Willis- ‘ ee 
Abs ee ite ee J. Flint, Identifying the genetic determinants of emotionality in 
oe a Ig sa rodents, Neurosci Biobehav Rev 31 (2007) 115-124 ) 

ating 0) er, ss i ¢ i steal 
problems of genetic ee ae! enodkout mice: simple solutions to the 
(2002) 336-340, anking genes, Trends in neurosciences 25 
D.P. Wolfer, U. Mulle 
ae r, M. ; 

genetic background on ere cies Lipp, Assessing the effects of the 129/Sv 
using mice with a deaieder ang ce learning in transgenic mutants: a study 
(1997) 1-13. amyloid precursor protein gene, Brain Res 7! 


K. Yamada, M. Mi 
. Pat zuno, T. Nabeshi 
eshima, : ‘ 
ENveee eB a ae) A brain-derived neurotrophic factor 
1, 1 m, PP. Li f ~144, 
J. Ruth, Brain cet G. Scarrow, R.W. Lam, M.J. Adam, A.P. Z's 
eeptors in major depression: a sosliron emission 


tomography stud 
Y, Ar h 4 4 
K. Yoshida, in nf Gen Psychiatry 57 (2000) 850-858 


ain-Oriented Analysis for Understandin 
Domain- a 


& Molecular 


Interactions... 183 


(180] 


x, F. Ozbay, J. Lappalainen, H.R. Kranzler, C,H. van Dyck, D.S. Charney, 
H. Zhang, S. Southwick, B.Z. Yang, A, Rasmussen, J, Gelernter, Brain derived 
L.H. co Rica (BDNF) gene variants and Alzheimer's disease, affective 
on aie hie ae stress disorder, schizophrenia, and Substance dependence, Am 
disorders, # B Neuropsychiatr Genet 141 (2006) 387-393. 
JMed ~ nage J. Carroll, L. Wiedholz, R.A. Millstein, C. Jaing, D.L. Murphy, 
Seas a A Ribne. Insertion mutation at the C-terminus of the serotonin 
ag = “eae brain serotonin function and emotion-related behaviors in mice, 
n 
cesienee 140 (2006) 321-334. into dopamine neurons via 
hou, K.P. Lesch, D.L. Murphy, Serotonin uptake into dop vi 
soma deieasctens: a compensatory alternative, Brain Res 942 (2002) 109-119. 
op 


C.B. Zhu, J.A. Steiner, J.L. Munn, L.C. Daws, W.A. Hewlett, R.D. Blakely, Rapid 


i J l 
timulation of presynaptic serotonin transport by a3 adenosine receptors, J Pharmaco 
stim y 
Exp Ther 322 (2007) 332-340. 


oral Models in Stress Research 


ISBN: 978-1-60456-3 
ff and J.L. LaPorte, pp. 185-209 | OOS SEe 


© 2Nns os Fi ; 
) 2008 Nova Science Publishers, Inc. 


chapter 8 


[MPAIRED FUNCTION OF PHOSPHODIESTERASE 4B IN 
MUTATED DISC1 MICE LEADS TO DEVELOPMENT OF 
PRONOUNCED DEPRESSION-LIKE BEHAVIOR WITH 
MILD EXPRESSION OF SCHIZOPHRENIA-LIKE 
PHENOTYPE 


) 1 ai apie Steven J. Clapcote’, Kirsty Millar’, 
| nkelman™, David J. Porteous! 


i v \ Ilayr 
S nJ Clapcote. Kirsty Milla 
Le ve 
ina l 
ratiana Vv. Lil 
{86 
ion often accompan 
11 ) 1 severe depres 7 2 at 
yn (mal eee cen long is 
hot oF Jowevel there has bee hay ie 
: sem shosis wis @ and tM 
cognitive chane™ - functional psychosis [10, 2raci 
: i > been increasingly challenged by 
1 


The most convincing challenges | 


gut | 
hotom) is 
Kraepelinian alc “esearcn (19, 64, 45}. 
fields 0! psychiatri¢ rt i 
ee j >t} ie 
cont years from genetic Stuc : ‘ sqnhrenié and bipolar disorder | 
recent Yo: netic studies of schizop yrenia « polar disorder have 
current gener’ ° ate tdnal studies ‘0s - 
er , of independence, with individual studies typically focusing on 0 
> jy mptlor - Ea sal aa _ . 7 Vu 
page ases with a mix of mood and psychotic features, while common, | 
dove ll, a 


jsorder. C 2% ae , 
dist ry of either schizophrenia or bipolar g 


ibsur broader catego 


However, family studies have shown statistically S | 
ane ‘noreased rates in relatives of probands with schizophrenia [62] a 
schizophrenia occurs at increased frequency in relatives of probands with bipolar ‘ 
[63]. Twin study demonstrated a clear overlap in genetic susceptibility to syndrom 
d mania and schizophrenia [14]. Genetic linkage studies have identified 
show convergent or overlapping regions of interest in } 
schizophrenia and bipolar disorder—including regions of 13q, 22q, 6q, and 18 [5 ni 
significant co-occurrence. The hypothesis that loci exist that influence psceptibility h 
- schizophrenia-bipolar divide receives further support. A genome scan using fini 
irc a tai wie inci 
being contributed equally by ‘‘schizopl aa pene? = eevee linkage evan 
predominantly schizophrenia) and a pee eranues (i.e., where other members » 
predominantly bipolar disorder) [26] See pies: (i.e., where other members ha 
es Si Pig ea se evidence has come from reports implica 
isorder. There are a number of genes DAOA “oat to both schizophrenia and bp 
that contribute susceptibility across the K » dysbindin, COMT, BDNF, Disc! and NR! 
e Kraepelinian divide to schizophrenia, bipolar disor 


> 


other 


ignored oF St ned into some 


ignificant evidence that bipolar 


define 
chromosome regions that 


THE Ro 
LE 
OF Discl AND PDE4B IN DEPRESSION 
AND SCHIZOPHRENIA 


het owen identi 

ation that co 

se I 

cpl gregates in a large Scottish family with maj¢ 
1 


. bipolar dj 
mutations j polar disord 
;: I 4 er, a : - 
nish, Buran. Discl have also been major depression (2 2 
sociated with psychiatrc © é “8 


. t uropea 
ith impa; Nand Amerj 
Volume phi Na conte [52]. Disct has also 0° 
i¢ Tunction ray matter densi ume, ane Po 
devel - ra [11, 13, 27, 29). A nsity and vol : net? i 
implicated ; Bulation and 1; human, pri . A consistent pattern #8 dent? ff 
n the pa high p primate, and rodent brain, with evr st 


tho ‘ rotei ‘ 
a isned Psychiatrie di, =n subregions, particularly the 
orders [4, 41, 49, 57]. 


Disc], 
eetals 
illness, includ; 
region [52] oe 8 
independent Fj 
9 aSsociate Ww 
hippocampal 


Which 
3)t r 
“ fied at one breakpoint of a chromosomal (he 

op me 


“he jg 


187 


a, 


Impaired Function of Phosphodiesterase 4B in Mutated Disc! Mice 


piscl functions as a molecular scaffold, interacting with multiple proteins required for 
jeuronal migration, neurite outgrowth, signal transduction, cyclic adenosine monophosphate 
(cAMP) signaling, cytoskeletal modulation, and translational regulation [52, 55, 12]. Among 
ihe known Discl binding partners, cAMP-hydrolyzing phosphodiestirase 4B (PDE4B) is 
, ticularly important. ; 

Phosphodiesterase (PDE) is any enzyme that catalyzes the hydrolysis of phosphodiester 
ponds, for instance a bond in a molecule of cAMP. PDE-4 enzymes are the multi-gene family, 
specifically hydrolyze cAMP, a key second messenger inside cells, thus providing a pivotal 
means of regulating CAMP levels. In the central nervous system PDE4 is expressed in 
neurons of the cerebral cortex and hippocampus, hypothalamus and striatum, dopaminergic 
neurons of the substantia nigra and in astrocytes [15, 23]. Previous studies show that 
schizophrenics have decreased levels of intracellular cAMP [44]. cAMP-dependent protein 
kinase levels are also altered in schizophrenia [60] as well as PDEs are increased in cortex 
and temporal lobes of patients with schizophrenia, that reduce intracellular cAMP. PDE4B 
gene was found to be disrupted by a translocation in two related individuals with psychosis 
[43]. Recent study on Scottish population revealed significant association between single 
nucleotide polymorphisms (SNPs) of PDE4B and schizophrenia in females [51]. Rolipram, a 
PDE4 inhibitor, demonstrated antipsychotic capacities in animal models of schizophrenia [35, 
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figure 3. (A) Forced swim test. Mean duration of immobility (+SEM) of 31L at 8 weeks old (n = 8), 
31 at 12 weeks old (n = 10), wild type (WT) at 8 weeks old (n = 10) and at 12 weeks old (n = 27) 
mice. There was a significant effect of age [F(1, 53) = 6.8, p= 0.03] and genotype [F(1,53) = 7.6, p = 
(,005]. Immobility time was longer in 31L mice. **p < 0.01, ***p < 0.001 versus WT mice. (B) Two- 
day forced swim test procedure. Mean time of immobility (+ SEM) of 31L (n= 15) and WT mice (n= 
4) mice. There were significant effects of genotype [F(1,20) = 40.2, p=4 x 10 7), test day [F(1,20) = 
115,p=2.2x 10°] and 9) Lenehan pe interaction oe 520) = ee Ore on apse time. 
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Like Phenotype in 31L Disc1 Mutant Mice 


schizophrenic” 


Deficits in attention and information processing are considered a central feature of 
hrenia, which lead to stimulus overload, cognitive fragmentation, and thought 
ese [50]. P Prepulse inhibition and latent inhibition are the most common methods to 
xi tty information-processing deficits in schizophrenia with a reasonable amount of face, 
yl and construct validity [24], and they can be used in both human and animal 
experiments [2]. Prepulse inhibition is the degree to which the acoustic startle response is 
reduced When the startle-eliciting stimulus is preceded by a brief low-intensity stimulus that 
does not elicit a startle response. We found that 31L mutants had mild, but detectably lower 
se inhibition than wild-type mice (Figure 6A) at all three prepulses at the age of 12 
weeks old, but no prepulse inhibition deficit was detected at 8 weeks old. There were no 
differences between genotypes in the acoustic startle response at both ages (Figure 6B). The 
typical antipsychotic haloperidol, a dopamine D2 receptor antagonist, and the atypical 
antipsychotic clozapine, an antagonist of both D2 and 5-HT2 receptors, had no effect 
improving prepulse inhibition deficit in 31L mutants (Figure 6C). Whereas the antidepressant 
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Figure 6. (A) Prepulse inhibition of acoustic startle response at 8 weeks old and 12 weeks old mitt 
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as genotypes were not different in time to complete licks 50-75 before conditioned stimuly 
onset during testing (overall A period = 10.2 sec). Latent inhibition was disrupted in 3|| 
mice pre-exposed to the conditioned stimulus (Figure 7A). A strong association betwee 
conditioned and unconditioned stimulus was exhibited by non-pre-exposed mice of but 
genotypes, suggesting that the latent inhibition disruption was not due to a gross cognitive 
deficit but a specific information-processing deficit. The administration of clozapine had 1 
effect on the disrupted latent inhibition in 31L mice (Figure 7B), however rolipram at tt 
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with distinct clinical phenotypes and, indeed, normal variation in cognitive function and 
neurodevelopment [29, 52]. This study demonstrates that a Disc] missense mutation in mice 
give rise to depression-like and schizophrenia- 


; j : like phenotypes, thus supporting the role of this 
gene in major mental illnesses. 
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